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Introduction 


The purpose of the present work is to examine the interaction of chemi- 
cally different auxins in their role as agents for the promotion of plant 
growth. It is proposed to study experimentally the conditions under which 
one auxin may influence the action of a second chemically different auxin 
and to determine the principles according to which this interaction occurs. 
An auxin will be defined for the present purposes as a chemical substance 
capable of eliciting certain growth responses in plant tissue. Among these 
growth responses, that of cell elongation is perhaps the most striking and 
characteristic. The experimental work on which this discussion is based 
has all been done using elongation of excised oat coleoptile sections as the 
measure of physiological activity. 

To the auxin concept may be coupled that of the antiauxin. An anti- 
auxin will be defined as a chemieal substance not itself possessed of growth- 
promoting activity but with the ability to inhibit competitively the action 
of auxins (4). The present discussion does not however have to do with the 
inhibition of auxin effects by auxin antagonists. It is concerned rather with 
the interaction between compounds which themselves possess auxin activity. 
Perhaps the first detailed study of this kind was that of Skooc et al. (12) 
who investigated the effect of y-phenylbutyric acid upon indoleacetie-acid- 
induced growth of the Avena coleoptile. y-Phenylbutyrie acid is itself an 
auxin although its activity in the Avena curvature test is only 1 « 10°° that 
of indoleacetie acid. Although the growth-promoting activity of y-phenyl- 
butyrie acid in the Avena coleoptile section test is so small as to have 
escaped Skooe ef al. (12), such activity has been found by Mutr et al. (11) 
and has been confirmed in the present study. y-Phenylbutyrie acid is not 
only less active than is indoleacetic acid in the Avena section test but is in 
addition active only over a smaller concentration range. 

The inhibition of the action of indoleacetic acid by y-phenylbutyric acid 
reported by Skooe et al. (12) may be shown by appropriate treatment to be 


a competitive one (4). It appears then that an active auxin may be com- 
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petitively inhibited in its effect within the plant by other auxins of lesser 
activity. Observations generally similar to those made concerning the action 
of y-phenylbutyrie acid have since been made by THiMann and BoNNER 
(13) on triiodobenzoie acid. Phenoxyacetic acid which possesses but little 
activity as an auxin has similarly been shown to antagonize the action of 
more active auxins. Thus Aperc (2) found this compound effective in 
counteracting inhibition of the growth of flax roots induced by 2,4-dichloro- 
phenoxyacetie acid while AupUs and SuipetTon (3) have shown that it relieves 
inhibition of cress root growth that is induced by 2,4-dichlorophenoxyacetic 
acid. 

It would seem reasonable to suppose in a qualitative Way that the aetion 
of a more active auxin might be inhibited by a less active auxin through 
some sort of competition for the site within the plant to which auxins be- 
come attached in order to exert their effeet. This supposition would imply 
not only that auxins become attached in the plant but also that diverse 
auxins exert their effects through attachment at a common site. That these 
suppositions are correct has been strongly indicated by the faet that any 
given antiauxin inhibits the effeets of many, perhaps of all, different auxins 
(1, 9, 14). 

It has been shown in earlier papers (5, 9) that the action of auxins in 
promoting the growth of the Avena coleoptile sections can be formally 
treated by the methods of classical enzyme kinetics. It has been further 
shown that the activity of an auxin can be characterized by two parameters 
which correspond to the Ky and Vyax, respectively, of MicHar.is- MENTEN 
(10) kinetics. Thus, the parameter K, is a measure of the affinity of a given 
auxin for the auxin-receptive site or point of attachment within the plant. 


The ability of the complex, once formed to promote growth is measured by 


the parameter Vinax. The way in which two auxins interact within the plant 
to determine growth rate will be shown in the present paper to be dependent 
upon the value of the constants, Ky, and Vy, for each of the interacting 


materials. 
Materials and methods 


The Avena seedlings (var. Siegeshafer) used in this investigation were 
germinated in vermiculite and grown for 82 to 84 hours in a standard Avena 
dark room under weak red light at a temperature of 25 to 26° C and a 
humidity of 90%. Coleoptiles 2.75 to 3.25 em. in length were selected for 
use, the leaves removed and from each coleoptile a single apical section, 
5.0 em. in length, was cut so as to diseard 2 to 3 mm. of the tip. The see- 
tions were pooled and randomized in lots of 20 between the individual treat- 
ments of each experiment. The basal nutrient solution consisted of 3% 
sucrose, 0.0025 M potassium maleate buffer (pH 4.50) and Pyrex redistilled 
water. This nutrient, to which the varied auxins were added in the appro- 
priate concentrations, Was dispensed into Petri dishes, 20 ml. per dish. The 
sections, 20 per dish, were allowed to float on the surface of the nutrient dur- 
ing the experimental period. All of the growth measurements here recorded 
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were made after 12 hours of incubation (or less) and are therefore a measure 
of initial growth rate since growth under these conditions is linear with time 
for 18 to 24 hours. 


Results 
KINETIC TREATMENT OF AUXIN-INDUCED GROWTH 


First considered are the experimental relations between auxin concentra- 
tion and the growth rate of Avena sections. The eurves which express this 
relation (figure 1A) are similar to the curves which have been found to 
relate substrate concentration to rate of many enzymatic reactions. The 
present data on auxin-induced growth have therefore been treated, as in 
earlier papers (5, 9), by the methods of classical enzyme kineties in order 
to determine the extent to which these methods are appleable. This treat- 
ment is based upon the supposition that auxin becomes bound to some recep- 
tive site within the plant and that a ready equilibrium is established between 
the free and bound forms. It is further supposed that rate of growth is 
proportional to the concentration of appropriately bound auxin. This situ- 
ation may be formulated as in equation 1. 

Ks k 

(1) E+S—B5S +» GROWTH 
The quantity E of equation 1 represents the auxin receptive enzymatic site 
within the plant;*S similarly represents the substrate, in this case auxin, 
and ES the enzyme-auxin complex or bound auxin. Ky, and k are constants 
of the system. The reaction velocity (growth rate), v, is assumed in classi- 
cal enzyme kinetics to be proportional to the concentrations of eS, or as 
expressed by equation 2. 

k [E}[S] Wa I 


max 


[S}+K,  ({Sl+ kK, 


In this equation Va. Is the rate which will obtain when all available reecep- 
tive sites are combined with auxin. It must be assumed, as in classical 
enzyme kinetics, that the concentration of sites is small with respeet to the 
concentration of auxin That the total concentration of receptive sites 
remains constant with time is indicated by the fact that the growth rate is 
constant over the period of measurement. Equation 2 is more conveniently 
used in the reciprocal form which may be represented graphically by plotting 
the reciprocal of the initial rate as a funetion of the reciprocal of the initial 
substrate (auxin) concentration The reciprocal equation and data for eCnzyv- 
matic systems which follow it yield a straight line with a slope of Ky \ 
and with an intercept of 1 Vyyasx (8). 


max 


We can now describe the initial growth rate of the system as a function 
of auxin concentration by equation 2 and we are now able to determine 
values for constants Vj.a. and Ky, provided that the above assumptions are 


indeed correct. Figure 1A shows that for the systems investigated auxin 





346 PLANT PHYSIOLOGY 


concentration influences growth of Avena coleoptile sections in a manner 
consistent with equation 2. Similarly the double reciprocal plots (1/v 
against 1/[S]) of figure 1B show that the straight lines obtained are those 
to be expected from the reciprocal form of equation 2. The values of Vinox 
and K, for each system may be determined graphically from the data in the 
form presented in figure 1A but may be evaluated more precisely from fig- 
ure 1B. The values for the two parameters obtained from the straight lines 
of figure 1B are collected in table 1. The values for K, presented in the 
table are somewhat larger than those previously reported (5, 9) due to the 
placing of less weight on the low concentration values in which the residual 


endogenous auxin of the section becomes an lnportant factor. 


It may be noted that the quantitative values of K, as here determined 


depend not only on the affinity of the receptive site for the auxin in question 
but also upon the relation of external to internal auxin concentration. The 


»s 


Busan Concentration | [ img 


Fic. 1.) Auxin-induced Avena coleoptile section growth. A. Growth as a linear 
function of auxin-concentration. B. The reciprocal of growth as a reciprocal function 
of auxin concentration. The experimental data used for A and for B are the same. The 
two curves are those for IAA (a) and for 24-D (b) 


values relative to naphthalene acetic acid (NAA) which are given in table I 
have not been included in figure 1 sinee the Ky, and Vaya, are very close to 
those of 2,4-dichlorophenoxyacetic acid (2,4-D). The parameters of table I 
emphasize the fact that the synthetic auxins, 2,4-D and NAA, have not only 
a somewhat lower affinity (larger K,) than does indoleacetie acid (TAA) for 
the receptor site of the Avena coleoptile, but also that receptor sites com- 
bined with 2,4-D or NAA are less effective in promoting Avena section 
growth (lower Vy.) than are such sites combined with TAA. 


EQUILIBRIUM CONDITIONS OF AUXIN-INDUCED AVENA SECTION GROWTH 


It has been pointed out above that the present treatment presupposes 
that equilibrium conditions prevail between free auxin and auxin bound to 
the receptive site within the coleoptile. The validity of this assumption 
may be readily demonstrated by the results of experiments in which Avena 
sections are first grown for a short period in a solution containing IAA as the 
growth substance and then transferred to a solution containing 2,4-D or viee 
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TABLE I 


CONSTANTS WHICH CHARACTERIZE THE ACTION OF CERTAIN AUXINS ON THE 
GROWTH OF AVENA COLEOPTILE SECTIONS. 





Substanc V ar 





mm./section/ 12 hrs. 


IAA 4.5x 107" 2.6 
2,4-D 7.6 x 107” 1.7 
NAA 7.2 x 1077 1.6 





versa. Transfer from one solution to the other occurred in each ease after 
a six-hour interval and measurements were made at three-hour intervals for 
a total of 12 hours. The data of table IT and figure 2 show that sections 
growing at a rate determined by the concentration of IAA in the medium 
changed this growth rate to that appropriate to the concentration of 2,4-D 
when transferred to a fresh medium containing this substance as the active 
component. Transfer in the reverse direction (2,4-D to LAA) vielded simi- 
lar results. Thus, after transfer of Avena sections from a medium contain- 
ing IAA to one containing 2,4-D, the receptor sites become equilibrated with 
the new growth substance. The time needed for consummation of the new 
equilibrium condition is evidently short as compared to three hours since 
sections put in, for example, 2,4-D after having been in IAA grow at the 
same three-hour rate as sections which are continuously in 2,4-D. 


AVENA SECTION GROWTH IN PRESENCE OF AUXIN MIXTURES 


It has been shown above that the relation of auxin concentration to the 
initial growth rate of Avena sections can be treated quantitatively by ortho- 
dox chemical kineties. Let us now consider what may be expected to happen 
if two chemically different auxins were to be simultaneously supplied to such 
sections. Suppose, for example, that auxin 1 (concentration S,) and auxin 


2 (concentration 32), both aet at the same site within the plant and that 


TABLE II 
EFFECT ON GROWTH OF AVENA COLEOPTILES OF TRANSFERRING SECTIONS 
FROM IAA TO 2,4-D AND VICE VERSA. THE CONCENTRATION OF IAA 
OR OF 2,4-D USED WAS 2.89 x 107*M. 


Time of measurement 


Medium 


3 hours 6 hours 9 hours 12 hours 


mm./section/3 hours 


IAA for 12 hrs. 0.68 0.65 0.69 0.65 
2,4-D for 12 hrs. 0.45 0.43 0.44 0.44 
IAA for 6 hrs. 0.68 0.65 
then 
2,4-D for 6 hrs. = 0.47 0.43 
2,4-D for 6 hrs. 0.45 0.43 , , 
then 
IAA for 6 hrs ; ss 0.68 0.65 
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the two free auxins are in equilibrium with the bound forms ES,, and Ess, 
respectively. This situation is equivalent to that described by Foster and 
NIEMANN (6) for the competitive interaction of two substrates at a common 
enzymatic site. For this case the overall reaction velocity (growth rate) 


may be shown (6) to be given by the expression in equation 3. 


, oi 
max, 
83 
[S,] (S,] 
Si K,, Ks, 
The quantities Vinax, and Viax, of equation 3 represent respectively the indi- 
vidual quantities, Vinax, for the two substrates 8; and S. while K., and K., 
represent the respective affinity constants. The first term of equation 3 
gives the growth elicited by auxin 1 while the second term gives the growth 
due to auxin 2. Thus for a single auxin ([S.| = 0) equation 3 assumes the 
form of original equation 2. The use of equation 3 is facilitated by its 
transformation to the reeiprocal form. Systems which follow equation 3, 
must in reciprocal form, and for any given constant ratio of S, Sy be ex- 
pected to yield a linear relationship between 1/v and'1/|[S,| + [S2]. From 
this linear relationship it is then possible to compute the apparent parame- 
ters Vinaxécompineds ANG Ky (combines) for the complex system as a whole. The 
apparent constants for the two-auxin system are related to the constants 
derived earlier for the individual systems by equations 4 and 5 below: 


[Ss] —s[S,) 


, $1 
\ max(combined) ~ 


[S,] 


K, 
[S,] + [S,] 


K s (combined) * 


[S,] [S,] 


Be, Ns, 


Thus. from a knowledge of the constants Viaax and K, which describe 
the effects of individual auxins, we should be able to predict the over-all 
effects of combinations of auxins. Conversely by measuring the parameters 
Vinaxicompiner) 204 Ky combined) Obtained for growth in the presence of an auxin 


mixture and by comparing these values with those obtained by calculation 


from the appropriate parameters of single auxin systems we ean determine 
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GROWTH | mm /section 








INCUBATION PERIOD hours 


Fic. 2. Avena coleoptile section growth in the presence of IAA (solid line) and of 


24-D (dashed line). After six hours incubation, sections in TAA were transferred to 
2,4-D and vice versa for a further six-hour period. 


whether or not the present formulation adequately describes the growth 
response of Avena sections to auxin mixtures. 

That mixtures of auxins do indeed influence growth of Avena sections 
according to principles here outlined is shown by the data of figure 3. These 


present the data from experiments on the interaction in Avena section growth 


A 24-0 Alone 


Mole Ratio 


20 
| 


[Stotai] 


Fic. 3. Interaction in Avena section growth of IAA and 24-D given individually 
or in a variety of concentrations and molar concentration ratios. Data plotted accord- 
ing to the method of Foster and NiEMANN (6) as a test for competition at the auxin- 
receptive site. The upper and lower lines are those obtained for 24-D alone and IAA 
alone, respectively. The family of lines between are, in descending order, those obtained 
for the following 24-D to IAA molar ratios: 8:1,4:1,2:1.1:1,1:2,1:4, and 1:8 
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TABLE II 


SUMMARY OF CONSTANTS K, AND Vinax. FOR IAA AND 2,4-D ALONE 
AND IN COMBINATION AT VARYING MOLAR RATIOS, 


Per cent. compo- 
sition in inter- K, (molar) \ 
action mixture 


max. 


2,4-D Observed Calculated Observed Calculated 


mm./section/]2 hrs, 
100 0 4.6 + 1077 
80 20 5.0 x 107” 5.2 x 10°77 
67 33 5.3 x 1077 5.5 x 107 
50 50 5.8 x 1077 5.9 x 1077 
33 67 6.4 x 107” 6.7 x 1077 
20 80 6.8 x 1077 7.0 x 1077 
0 100 7.6 x 107” 


. © « 
~~ 


. 
= b 


m ho hh tho 
2 


. 
~ 
~~ 


of IAA and 2,4-D given alone and in a variety of concentrations and molar 


concentration ratios. The reciprocal of initial growth rate (1 v) is plotted 
as a function of the reciprocal of total auxin concentration (1) [Sraai|) for 
each of these combinations. The data for each individual auxin yield a 
straight line with characteristic slope and intercept as expected from the 
similar experiments of figure 1B. The data for the auxin mixtures yield in 
each case a family of straight lines lying between the lines for the individual 
auxins as predicted by equation 3. The slope and intercept of each line is 
determined by the molar concentration ratio between the two auxins. Table 
III gives “a compilation of the values for the constants Distesnieneuss and 
Vinax combined) &S Measured for the several pairs of auxins at various molar 
ratios and compares these values with those calculated from equations 4 and 
5 using the previously determined values of Ky and Via, for the individual 
auxins. It is evident that there are no considerable differences between the 
measured and calculated values of the two combination parameters although 


TABLE IV 


SUMMARY OF CONSTANTS K, AND V,.gx, FOR IAA ANDNAA ALONE 
AND IN COMBINATION AT VARYING MOLAR RATIOS, 


Per cent. compo- 
sition in inter- K, (molar) \ 
action mixture 


max. 


IAA N AA Observed Calculated Observed Calculated 


mm./section/12 hrs. 


100 4.4 x 107” 2.6 
80 4.8 x 1077 4.8 x 107” 9, 
67 3: 5.0 x 1077 5.1 x jo"* 

50 5.3 x 107” 5.5 x 1077 

33 5.8 x 1077 5.9 x 107” 

20 6.5 x 1077 6.4 x 1077 

0 762 x 1077 
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! 
f 


fc 
otal] 


Fic. 4. Interaction in Avena section growth of IAA and NAA given individually 
or in a variety of concentrations and molar concentration ratios. Data plotted accord- 
ing to the method of Foster and NreEMANN (6) as a test for competition at the auxin- 
receptive site. The upper and lower lines are those obtained for NAA alone and TAA 
alone, respectively. The family of lines between are, in descending order, those obtained 
for the following NAA to IAA molar ratios: 8:1, 4:1, 2:1, 1:1, 1:2, 1:4, and 1:8. 


TTT OWWWTzzztuzv 
VMMMMMwwwééMeéeeetttll. Y UJ Lik 





1AA 216x10°°M 


~ 
o 


MMhthtitts 


-1AA 540x10°"M 


1AA 135x10°'M 


° 


no IAA 


GROWTH mm /section/ 12 hours 





4 4 os Eee 


2.0 30 40 44x10° 
CONCENTRATION 2,4-D M 





hic 5 Avena coleoptile section growth is a linear function of 24-D concentration 
in the presence of various concentrations of TIAA The lowest curve is that obtaimed in 
the presence of 24-1) alone Each successively higher curve is that obt uned in the 
presence of a higher concentration of TAA. The shaded area of each curve represents 
the concentration range over which 24-D inhibits growth below the level attaimed in 


IAA alone. 
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there is a systematic deviation of the K, values in favor of LAA of approxi- 
mately 5%. 

Since the K, and Vy, values for NAA sre approximately the same as 
those for 2,4-D, it is to be expected that results obtained for the interaction 
of IAA and NAA should be similar to those found for the interaction of IAA 
and 2,4-D). That this is so is evident from figure 4 where data obtained for 
the interaction of [AA and NAA are presented in the appropriate double 


reciprocal plots. Again, the data for the auxin mixtures yield a family of 


straight lines which le between the lines for the individual auxins. Further- 
more, it is apparent from table IV that there is close agreement between the 
observed and calculated parameters. The NAA, therefore, interacts with 
IAA in Avena section growth in a competitive manner as do [AA and 2,4-D. 

Although the interactions between 2,4-D, NAA, and IAA are, as shown 
above, in general accord with expectations of classical kineties, there is 
nonetheless at least one aspect of this interaction which cannot be inter- 

TABLE V 
THE INTERACTION EFFECT OF IAA AND 2,4-D IN THE GROWTH 
OF AVENA COLEOPTILE SECTIONS, 


Relative concentrations of I[AA* 


0 1 2 4 8 








mm./section/12 hrs. 


0.42 1.41 1.87 2.19 
0.72 1.33 1.70 2.06 
0.90 1.42 1.70 2.09 
1.17 1.56 1.75 2.06 
1.44 1.67 1.89 2.09 2.26 
1,70 1.85 1.96 2.11 2.27 
1.97 2.01 2.05 2.17 2.33 


*The relative unit of concentration, | = 1.348 x 1077M. 


preted on the present basis. This one aspect is the inhibition of the action 
of low concentrations of TAA whieh is elicited by low concentrations of 
24-1) or NAA. That such inhibition occurs is evident from the curves of 
figure 5 which have been obtained from the data of table V. In this figure, 
growth rate of the Avena coleoptile section is plotted as a linear function of 
2,4-D concentration. Hach individual curve is for a system of constant TAA 
concentration. The shaded area of each curve represents the concentration 
range over Which 2,4-D inhibits growth at a constant ITAA concentration. 
The sharp initial dip in each curve which represents inhibition by low 2,4-D 
concentrations is scarcely detectable in the double reciprocal plots of fig- 
ures 3 and 4 which then appear as straight lines. This inhibition is evi- 
cently roughly competitive in nature since it is most marked at low LAA 
concentrations. 
Discussion 

The experiments deseribed above demonstrate that different auxins 

interact in the Avena coleoptile section im a manner compatible with the 
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livpothesis that they react at a common site. They have shown furthermore 
that the nature of the interaction is dependent upon at least four parameters 
which are respectively: (a) the K, for each auxin, (b) the Vix for each 
auxin, and (c) and (d) the concentrations of each auxin. The result of 
such interaction is that one auxin such as 2,4-D may augment or diminish 
the effeets of a second auxin such as LAA depending on the absolute coneen- 
tration of each. Thus the data of table V show that 2.4-D acts to diminish 
the growth response elicited by moderate or high concentrations of TAA, 
The 2,4-D also acts, in general, to augment the growth response elicited by 
low concentrations of IAA. The major interaction effects between 2,4-D 
and IAA are due to the fact that even though 2,4-D has slightly less affinity 
(higher K,) for the active site within the plant than does TAA, it also pos- 
sesses considerably lower intrinsie activity (Vinax) than does IAA. When 
2.4-D is added to a system which contains a concentration of IAA greater 
than some certain critical value, which is a function of the characteristic 
: Vinax. 
Sry, y 
max max» 


IAA at a portion of the available receptor sites. The sites oceupied by 


marameters of the system (S.yitiear = 1 ), the 24-D replaces 
] h | 


2.4-D contribute less to over-all growth rate than do sites occupied by TAA. 


Even though some previously unoccupied sites may also be oceupied by 


2,4-D, the over-all effeet will nonetheless be to diminish growth rate. 

At concentrations of 2,4-D below the eritical value, the addition of 2,4-D 
should result in an increased growth rate because, in this region, there is a 
relatively large number of unoccupied sites available for combination with 
24-D. Superimposed upon this effect is however an inhibition which is 
particularly marked in the case of very low 2,4-D concentrations and which 
is not predicted by the present treatment. 

The qualitative description of the kinetic consequences which result from 
the presence of 2,4-D in a system which contains LAA applies similarly to 
the effects of NAA in the presence of IAA. While the interaction of other 
auxins of low Vyyax With IAA have not yet been so intensively investigated, 
it may be expected that auxins of low Viusx will, in general, interact with 
auxins of higher V,,4x, according to general principles here outlined. Com- 
petitive interactions of the present type may serve to make understandable 
such bewildering responses of intact plants to auxin mixtures as those de- 
seribed by Hitrcncock (7) who applied 2,4-D and/or LAA to tomato plants. 
The repression of response to 2,4-lD by low concentrations of IAA and aug- 
mentation of responses to 2.4-1D by higher concentrations of IAA recorded 
by Hitchcock are responses which are consistent with the interactions pre- 
sented above. 

The principles which govern the interaction of two different applied 
auxins may also be involved in the interaction of an applied exogenous auxin 
with the native endogenous auxin of the plant. In the pineapple, for exam- 
ple, an interesting anomaly is that synthetic auxins such as 2,4-D or NAA 
supplied to the plants at low concentrations induce flowering in spite of the 
fact that flowering under other conditions appears to be associated with a 
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decrease in the amount of endogenous auxin. BONNerER and BANbDURSKI (4) 
have suggested that synthetic auxins may act as antagonists to the native 
auxin of the pineapple plant. According to this view, the synthetic auxins 
would at appropriate concentrations compete with the native auxin in such 
a manner that the effective auxin concentration within the plant would be 
lowered. 

Auxin interactions of this tvpe are to be anticipated on the basis of the 
present findings and are apparent from the curves of figure 5. In terms of 


the effects of an exogenous auxin on a plant or plant organ which already 


contains native IAA, the shaded areas of figure 5 would represent concen- 
tration range over which applied 2.4-D will effectively lower the over-all 
auxin response. It is evident that this type of interaction may account for 
the induction of flowering in the pineapple plant by applied 2,4-D or NAA 
provided only that the native auxin of this plant be present in concentra- 
tions which do not saturate all of the receptive sites and that flowering is in 
fact associated with low effeetive auxin level. 

It would appear to be of importance for the understanding of all such 
auxin interactions that the activity of each auxin be understood and charac- 
terized in terms of the parameters Ky and Viyox- 


Summary 


It has been found empirically that the promotion of Avena coleoptile 
section growth by auxin can be treated quantitatively on the basis of the 
supposition that the auxin molecule exerts its effeet through combination 
with a suitable receptor site within the plant. The growth-promoting activ- 
ity of an individual species of auxin molecule can be characterized by two 
quantities, Ky and Vinx, each of which may be experimentally determined. 
K, deseribes the affinity of the auxin for the receptor site within the plant 
while Vinay is the growth response which obtains when all receptive sites are 
saturated with the particular auxin. The values of K, and of V,,,. for chemi- 
cally different auxins are in general different. 

Chemically different auxins such as IAA, 2.4-D and NAA compete with 
one another for the same receptive sites within the plant, as shown by the 
following steps: (a) formulation of the quantitative relations between 
growth rate and auxin concentration which would be expected on the basis 
of competition of auxins for the same sites, (b) derivation of the parameters 
Kg (compineay 800 Vinax combines) fOr systems containing two different auxins in 
terms of the constants K, and V,,,, for each auxin alone, (¢) demonstration 
that the values Ky;combinea) ANd Vinax(combineay Measured experimentally for 
growth rate in the presence of auxin mixtures are ideniteal with those caleu- 
lated on the basis of (b) above. 

Auxins of low K, and low Vjyx. are capable of inhibiting or augmenting 
the activity of auxins of similar K, and greater Vax. Whether inhibition 
or promotion results depends upon the concentrations of the two substances 
and upon the differential in Vinax for the two substances 
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The principles according to which chemically different auxins interact 


in promotion of growth of the Avena coleoptile section appear to be largely 


understandable in terms of classical enzyme kineties. Although the correct- 
ness of this formulation has been verified only for the Avena coleoptile, 
these same principles may perhaps be applicable to further plant systems. 
This work was supported in part by the Herman Frasch Foundation. 
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Present knowledge about the mechanism whereby minerals are trans- 
ferred from the nutrient medium to the root xylem is quite limited. The 
initial step involves an exchange of hydrogen, hydroxyl, or bicarbonate ions 
on the protoplasmic surface of the root for nutrient ions of the substrate 
(13). The amount of any ion gained by such exchange is a function of the 
rate at which metabolic energy is produced by the root, and, within limits, 
of the concentration of the ion in the substrate. Absorbed ions appear to 
enter into labile cytoplasmic complexes which are created or maintained by 
the expenditure of energy, and which seem to be specific for different ions 
or groups of related ions. 

It is now generally held that the protoplasts of the root cells are inter- 
connected by plasmodesmata forming a symplast of cytoplasm that extends 
from the root surface to the xylem elements (3, 5, 11, 20). Hence, ions 
entering the cytoplasmic phase by exchange have a pathway through living 
material to any of the three aqueous phases—external, vacuolar, or tracheal. 
The cytoplasm in some manner utilizes energy derived from aerobic respira- 
tion to speed the distribution of ions throughout the symplast, and to pro- 
duce high vacuolar and tracheal concentrations of the ions. 

There is no convincing evidence as to how movement of ions through the 
cytoplasm occurs, but several theories and speculations on the matter are 
current. LUNbEGARDH’s (11) theory of an inward anion migration as a 
countercurrent to an outward flow of electrons, and a cation migration as 
a series of exchanges for hydrogen ion, has received the most attention, but 
is now suspect for its failure to explain the action of dinitrophenol, which 
reduces ion absorption without decreasing respiration (15). OversTREET 
and Jacopson (14) have published a review in which they fit the thermo- 


dynamic consequences of possible membrane properties to various theories 


of ion accumulation, and they find support for the view that ion transport 


through the cytoplasm occurs in conjunction with some ion-carrier, which is 
presumably formed by aerobic respiration and is removed by some meta- 
bolic process after transporting an ion to the inner phase. Wurersum (20) 
believes that movement through the symplast may be by diffusion along 
concentration gradients in the intermicellar fluid of the eytoplasm, and by 
active, inwardly-directed, polar transport of ions bound to the colloidal 


1 Present address: Kerckhoff Laboratories of Biology, California Institute of Tech- 
nology, Pasadena, California. 
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phase. For those who hold that the active transport across the symplast is 
unidirectional, visualization of some such two-phase transport is essential 
to an explanation of the finding that ions can move from the stele outward 
to the external solution (12, 20). 

The method by which ions are released from the eytoplasim to the vacu- 
oles and xylem elements is as obscure as the means of transport. Coneeiva- 
bly, the release might require the expenditure of energy, and be properly 
termed secretion; on the other hand, the release may be spontaneous, the 
requisite energy expenditure for accumulation having been made when the 
ions were initially taken into the cytoplasm, or the energy may have been 
expended in the formation of some ion-earrier. The Dutch workers (1, 3, 
20) seem largely to favor the secretion viewpoint, basing their opinion upon 
the relative impermeability of the tonoplast to ions resident in the vacuole, 
and upon the fact that vacuolar or xylem concentrations of ions may some- 
times appear to exceed those of the eytoplasm. Most other opinions seem to 
favor passive release, or at least have the principle of spontaneous release 
incorporated into the postulated mechanism for absorption and transport. 
LuNpecarDH (11) now pictures anion-respiration as maintaining a steady- 
state between active accumulation of salt from the external medium and a 
passive release to the xylem. He does not believe that it is necessary to 
visualize a symplast to account for this process; each cell accumulates salts 
on the outermost side and passively, but selectively, releases them on the 
inward side. The well-known exudation theory of Crarrs and Broyer (7) 
incorporates the idea of passive release of ions to the xylem, and Broyer (6) 
also views the release of ions to the vacuole as a spontaneous process. He 
postulates that ions bound in eytoplasmie complexes at outer loei might 
migrate to inner phases where some change in metabolic rates or processes 
would favor release of the ions, increasing the activity of the ions in the 
intermicellar fluid, and resulting in a spontaneous movement of ions to the 
vacuole. 

It appears to the authors that any distinction between secretion and 
passive release is rather academic. The cytoplasm cannot perform work 
beyond its boundaries, and the movement of ions into either vacuole or 
xvlem element must be spontaneous. Regardless of mechanism, the thermo- 
dynamic consequences of accumulation require that the eytoplasm expend 
energy in raising the chemical potential of ions at the inner desorbing sur- 
face as compared with that at the outer adsorbing surface. Seemingly, if 


the mechanism expends energy directly or indirectly at the outer eyto- 


plasmic surface in absorbing ions, the release is to be termed passive; if it 
expends energy at the inner surface in releasing bound ions, the release is 
to be termed secretion. Some confusion ean be predicted if energy proves 
necessary for both absorption and release. In this report the term release 
will refer to the passage of the ions from the cytoplasmic to an aqueous 
phase and is not otherwise qualified. 

These diverse opinions on one of the most fundamental of eytoplasmie 


mechanisms suggest that what is most needed at the present is more infor- 
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mation about variables which affect the process of transfer and release of 
ions to the vacuoles and xylem. It has occurred to the authors that useful 
information might be obtained from studies of the fate of tracer ions that 
have entered the root cytoplasm. Depending on the state of the cytoplasmic 
transfer and release mechanism at any instant, there should be certain 
probabilities that any one ion would remain with the protoplasm, pass into 
a vacuole, be deposited in the xylem, or even return to the external medium. 
If these probabilities can be altered by varying the temperature, oxygen 
tension, sugar supply to the root, funetioning of enzyme systems, salt status, 
auxin supply, light, transpiration rate, or any other variable which past 
research has suggested might be concerned in the transfer and release mecha- 
nism, it is not unlikely that an extended estimate of the nature of the mecha- 
nism can be made. 

It appears, however, that before any extensive investigations could be 
undertaken, some basie information was needed on the ability of the sym- 
plast to transport ions to the xylem. Studies of the diurnal fluetuation in 
exudation (17) indicate that there might be a diurnal variation in the 
capacity of the root symplast to absorb and/or translocate ions. If such is 
the case, all short-term experiments need to be planned for a specific time 
of day. HoaGLanp (10) and Broyer (5) have reported that low-salt, high- 
sugar barley roots initially transport a smaller proportion of absorbed potas- 
sium and bromide to the xylem than do high-salt, low-sugar roots. Pre- 
sumably, in the more active low-salt roots a greater proportion of the ion 
being transported inward through the symplast is released to the vacuoles; 
as the ion concentration of the vacuoles increases, more and more of the 
absorbed ion reaches the xylem. Eaton and JoHam (8) found a positive 
correlation between the sugar content and the mineral content of cotton 
roots. Collectively, these findings indicate that the salt and sugar content 
of roots could have a large effect on the relative amounts of absorbed ion 
retained in the root, and should be taken into consideration in the culture 
of experimental plants. Accordingly, some rather simple experiments were 
performed to determine if there aetually is a diurnal fluctuation in the 
amount of ion absorbed or translocated to the xylem, and the influence of 
sugar content and salt status on such variation. The 24-hour day was 


divided into short absorption periods, and by means of radioactive isotopes 


the distribution of absorbed ion between root and shoot at the end of each 
period Was ascertained. 


Methods and materials 


Red Mexiean bean (Phaseolus vulgaris) seeds were germinated under 
fluorescent lights, and selected seedlings were placed in notched covers 
over enameled pans containing six liters of a dilute Hoagland’s solution 
(0.00167 M IKNOs, 0.00167 Mo Ca(NOg)., 0.00067 Mo MeSO,, 0.00017 M 
KH.PO,, micronutrients and iron), six plants per pan. The solutions were 
aerated and the plants grown for 10 days under banks of fluorescent lamps 
on a 6:00 a.m. to 6:00 P.M. day, which was time-clock controlled. The light 
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intensity on the surface of the upper leaves was about 1000 foot-candles. 
A temperature of 73 + 1° F and a relative humidity of 60 + 4% were main- 
tained in the growth room by means of an air-conditioning unit. The plants 
were always in complete darkness during the night period exeept for brief 
exposures to light from an incandescent bulb at the beginning and end of 
experimental absorption periods. 

When low salt plants were desired no change of nutrient solution was 
made. High salt plants were obtained by placing the plants in full strength 
Hoagland’s solution on the fourth day and by changing solutions on the 
seventh day. Previous study had indicated that both the growth and the 
salt requirement of the plants were less than for similar plants raised in full 
sunlight. 

Radioactive isotopes of rubidium (Rb**) and phosphorus (P**) were 
used as tracers. Six liters of one twelfth strength Hoagland’s solution were 
prepared for each absorption period of the experiment, this dilute solution 
being used in order that the absorption might be largely against a coneen- 
tration gradient. For the phosphate translocation experiments, about one 
and one half microcuries of P*? per liter were added to the solution in which 
the phosphate concentration was 0.000083 M. In the rubidium translocation 
experiments, the nutrient solutions were made equimolar (0.005 M) with 
respect to rubidium and potassium by the adition of RbCl. About two 
microcuries of Rb* per liter were used. 

Analyses were made for radioactivity and total sugars. Harvested 
plants were cut into root and shoot, roots were blotted, and fresh weights 
taken. The roots were killed and thrice extracted in boiling 80% ethanol. 
The alcohol was evaporated from the combined extracts on a warming plate, 
the residue made to volume, and aliquots analyzed for radioactivity. Total 
sugars were estimated as glucose from the remaining extract by the method 
of Forsee (9) with one modification; the extraet Was treated with invertase 
prior to clearing and decolorizing. It was found in testing the suitability 
of the method that if this was not done there was a loss of sucrose during 
the decolorizing step. lodine tests on the extracted roots always failed to 
show the presence of starch. The root residue remaining after extraction 
was also analyzed for radioactivity in the experiments where P*? was used, 
for about one third of the total activity could not be extracted. In experi- 
ments using Rb**, the extractions left so little radioactivity in the roots that 
it Was scarcely discernible. 

The dried shoots were wet-ashed in nitrie acid and made to volume with 
dilute hydrochloric acid. Analysis for radioactivity was made with a Geiger- 


Muller counter on 2-ml. aliquots of solution, or extract, evaporated to dry- 


ness in porcelain capsules. All counting was at constant geometry. Con- 
version factors for expressing activities as micromoles of ion were obtained 
by determining the radioactivity of the nutrient solutions prepared for the 
experiments. 

The amount of tracer ion found in the shoot at the termination of the 
experimental period represents that quantity of ion translocated across the 
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root, released to the xylem, and carried upward in the transpiration stream. 
It is not known how the tracer ion retained in the root is distributed. Por- 


tions of the total amount of ion must be resident in the protoplasm as part 


of the living system, or as ions in transit to the vacuoles and xylem; portions 
must be present in the cell sap, and there should be small amounts in the 
root xylem which have not vet been translocated upward to the shoot. 


Experimental results 


TIME COURSE OF RUBIDIUM TRANSLOCATION TO THE SHOOT 
DURING DAY AND NIGHT 


This experiment was designed to determine how much time would elapse 
before detectable amounts of rubidium could be transported from the nutri- 
ent medium to the shoots. Low salt plants were cultured as it was believed 
that minimal translocation to the shoots would occur with this status. The 
solutions prepared for this experiment contained but 0.000075 molar RbCI. 
Starting at 10:00 a.m. on the day of the experiment, 12 plants were trans- 
ferred to pans of the radioactive nutrient solution, replaced under the lights, 
and vigorously aerated. At one-, two-, and four-hour intervals, four indi- 
viduals were harvested. At 2:00 a.m. of the following night the same pro- 
cedure was carried out for 12 more plants. These latter plants were exposed 
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Fic. 1. Amounts of absorbed rubidium translocated to the shoots and retained in 


the roots of low salt bean plants during night and day absorption from dilute RbC| 
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to indirect light from an incandescent bulb for a few minutes at the begin- 
ning of the experiment and again during each harvest. 

The pertinent results of the experiment are depicted in figure 1. Each 
value represents the mean of four plants. Data on both the retention and 
translocation of rubidium are expressed per gram fresh weight of root. It is 
considered that since the root must perform the work essential to transloca- 
tion of the ion to the xylem, such an expression is preferable to one based 
on the weight of the shoot. 

The amount of rubidium retained by the roots in the first hour is much 
alike for both day and night absorption, and probably results from similar 
adsorption on the root surface by ion exchange. The rate at whieh rubidium 
is gained by the root after the first hour must more nearly refleet the ca- 
pacity of the root to retain absorbed rubidium in cell sap or protoplasm; 
obviously, roots absorbing during the day had the greater capacity to ac- 
cumulate rubidium. The most striking difference between night and day 
behavior occurred in the amounts of rubidium translocated to the shoot. 
Translocation was far greater during the day, whether expressed in absolute 
amounts or in per cent. of total ion absorbed and even during the first hour 
of absorption when the amounts of rubidium retained by the roots were 
similar. At the end of four hours nearly half of the rubidium absorbed dur- 
ing the day was in the shoot; at night, only one third had been translocated 
upwards. It was decided that in subsequent work a four-hour absorption 
period would be used in order to make certain that the amount of rubidium 
found in the root would refleet something of the metabolic status of the root, 
and not just ion exchange. 


DIURNAL VARIATION IN THE AMOUNT OF ABSORBED RUBIDIUM 
TRANSLOCATED TO THE SHOOT 


This experiment was designed to provide information on the diurnal 
variation in the amounts of rubidium absorbed, and on the relative distri- 
bution of the ion between root and shoot. Forty-eight plants were raised, 
24 each of the low and high salt status. The experimental day was divided 
into six consecutive four-hour absorption periods, beginning at 6:00 P.M. 
when the lights were turned off. Six pans of the dilute Hoagland’s solution 
plus RbCI] and Rb were prepared, one for each absorption period. At the 
beginning of each period four low salt and four high salt plants were placed 
in a pan of the radioactive solution and replaced under the light canopy. 
The experimental solution was vigorously aerated to effect movement of the 
solution about the roots. At the end of four hours the plants were harvested, 

Figure 2 presents the results of the experiment. It is evident that the 
plants were more active in absorbing, retaining and translocating rubidium 
during the day. Minimum root activity occurred about midnight, maximum 


about midday. As was indicated in the initial experiments, the ability of 


the root to translocate rubidium to the xylem was increased by the coming 
of day to a greater extent than was its ability to retain the ion. 


The pereentage data show that there was a significant increase in the 
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ability of the root cytoplasm to translocate rubidium from about midnight 
to early morning, but the greatest increase occurred with the coming of day. 
Low salt plants showed this increased translocation to a greater degree than 
did high salt plants, which is not in accord with the view that low salt plants 
tend to hold more of the absorbed ion in the root. Due to the acceleration 
of translocation with the coming of day, there was no consistent relation- 
ship between the percentage translocated and the total amount of rubidium 
absorbed. 

No consistent correlation can be found between the total sugar content 
of the root and absorption, translocation, or retention. During the day some 
correlations might have appeared to exist, but they did not hold at night. 
If total sugar content of the root controlled the activity of the root, one 
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Fic. 2. Diurnal variation in the amounts of rubidium retained in the roots and 
translocated to the shoots of high and low salt bean plants during four-hour absorption 
yy riods 


would look for the closest correlation to occur at night when sugars might 
become limiting. As it is, the roots began increasing in activity during the 
last period of the night when the sugar content of the root was at a minimum. 

The sugar content of the roots was quite low, which probably reflects 
their culture under low light intensities with favorable temperatures and 
oxygen supply. The fact that the low salt roots had but slightly higher 
sugar content than the high salt roots suggests that these plants did not 
represent the extremes of salt status usually associated with the terms. 
However, the capacities of the two types of plants to absorb rubidium were 
clearly different, and the difference in the per cent. of absorbed ion trans- 
located during the day must also have resulted from the difference in salt- 
sugar status. 

In general, the results are in agreement with the findings from exudation 
studies; that is, there exists a diurnal fluctuation in the aetivity of the root 
which is here refleeted in rubidium absorption and translocation 
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DIURNAL VARIATION IN THE AMOUNT OF ABSORBED PHOSPHATE 
TRANSLOCATED TO THE SHOOT 


This experiment was designed to provide the same information on the 
translocation of phosphate as was obtained for rubidium. It was performed 
in the same manner, except that no RbCl] was presert in the dilute Hoag- 
land’s solution used in the experimental periods. Figure 3 gives the results 
of the experiment. There were some similarities between the results for 
phosphate and rubidium. The time course of translocation to the shoot was 
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ic. 3.) Diurnal variation in the amounts of phosphate retained in the roots and 


translocated to the shoots of high and low salt bean plants during four-houn absorption 
pt riods, 


of the same nature for both ions, with the minimum reached about midnight 
and the maximum about midday. Again, there was no consistent correla- 
tion between total sugar content and root activity in absorption, retention, 
or translocation. Unlke rubidium, however, phosphate was not retained in 
the roots in greater quantity during the day; rather, there was a significant 
decrease in phosphate retention. The data for high salt plants, in which 
there was less variability between the plants of any one period, clearly 
showed that the diurnal eveles for retention and translocation were out of 
phase, with the low point in retention being reached during the first period 
of the day. The corresponding eyeles for rubidium were in phase, though 


differing in amplitude. In general, it appears that the increased daytime 


absorption of phosphate by bean plants was largely accounted for by the 
increased transfer of the ion to the shoot; whereas the inereased daytime 
absorption of rubidium was due to increased capacity of the root to retain 
the ion as well as to inerease transference to the shoot. 

Although the percentages of absorbed ion translocated to the shoot were 
much higher during the day for both phosphate and rubidium, there were 
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striking differences shown for the two ions (fig. 4). A smaller percentage 
of phosphate was transferred to the shoot than was the ease with rubidium. 
The increase in percentage of phosphate translocated was delayed until the 
first period of the day, while with rubidium there was a significant increase 
during the last period of the night. There was a significant decrease in the 
percentage of phosphate translocated during the last period of the day, while 
this was not true for rubidium. The diurnal change favoring rubidium 
transport across the root symplast began earlier and continued longer than 
was the case with phosphate transport 

Percentagewise, as well as in absolute amounts, low salt plants trans- 
located more phosphate and rubidium to the shoot in a four-hour period 
than did high salt plants, but the salt status had a much greater effeet in 
the case of phosphate. In generai, the inereased activity of the root brought 
about by the low salt status was much more apparent with phosphate than 
with rubidium. 


THE EFFECT OF DARKNESS DURING THE NORMAL DAY PERIOD ON THE 
TRANSLOCATION OF PHOSPHATE TO THE SHOOT 


If, as suggested by the previous experiments, there is a change in the 
bean root symplast with the coming of day which tends to increase the pro- 
portion of absorbed ion passed into the xylem, there should be detectable 
increases in translocation during the day period even when the plants are 
kept in darkness. This experiment was designed to test this postulate. As 
low salt plants showed a tremendous surge in translocation of phosphate to 
the shoot in the first period of the day, it was decided to use this salt status 
and ion in order to gain the greatest sensitivity possible 

Procedures were those of the preceding experiment. The additional dark 

TABLE I 
TRANSLOCATION OF ABSORBED PHOSPHATE TO THE SHOOTS OF LOW SALT 
BEAN PLANTS UNDER DAY CONDITIONS OF LIGHT AND DARKNESS. 
Light Phosphate Phosphate 


\Total translocated 


Sugar 
in root 


condi- Period 


, Retained Translocated 
tion 


in root to shoot absorbed to shoot 


mg./gm, 
fresh wt. 
6 P.M.-10 P.M. 1.056 0.081 1.137 , 0.90 
10 P.M.= 2 A.M, 1.174 -079 1.253 ela 
2 A.M.= 6 A.M. 1.179 083 1.261 256 
6 A.M.—10 A.M. 1.072 -486 1.558 31.: 1.02 
10 A.M.- 2 P.M. 1.200 e715 1.915 : 1.42 
2 P.M. 6 P.M. 1.22 «470 1.690 ; 1.41 
6 A.M.-10 A.M. 1.011 - 166 1.177 230 
10 A.M.= 2 P.M. 1.070 172 1.242 < 34 
2 P.M.- 6 P.M. 987 095 1.082 cal 


micromoles/gm. fresh wt, root 


L.S.D. 5%* 0.262 0.126 0.404 $3 0.16 


*Least significant difference at the 5% confidence level. 
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treatment during the normal day period was given by placing 12 plants ina 
dark chamber constructed in the growth room. Results are given in table I. 
There was a great deal of variability in the individual plants of this experi- 
ment, as Was always the case with low salt plants, and there are no signifi- 
cant changes in the amounts of absorbed phosphate retained in the roots; 
only the difference in phosphate retained by the roots of darkened and 
illuminated plants during the 2:00 p.m. to 6:00 P.M. period approached sta- 
tistical significance. With phosphate translocation to the shoot, however, 
the response to light was large and unmistakable, as it was in the previous 
experiment. Those plants that were kept in the dark during the day period 
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Pic. 4. Diurnal variation in the percentages of rubidium and phosphate absorbed 


in four-hour periods that are translocated to the shoots of high and low salt bean plants 


also showed an increase in translocation over the night level, but it missed 
significance. However, the per cent. of absorbed phosphate whieh was 
translocated to the shoot showed that the diurnal change in favor of trans- 
port across the symplast occurred with the normal coming of day even in 
darkened plants. Darkened plants absorbed about the same amount of 
phosphate during the day as they had during the previous night, but the 
proportion transported to the shoot was much larger. 

It seems, then, that there exists a diurnal variation in the ability of the 
bean root symplast to transport phosphate to the xylem, but it is apparent 
that illumination of the plant serves to greatly augment this basie change. 
Again, most of the increased daytime absorption of phosphate is aecounted 
for in the increased translocation of the ion to the shoot 
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THE EFFECT OF ADDED SUCROSE ON THE TRANSLOCATION OF ABSORBED 
IONS BY DARKENED PLANTS 


This experiment Was performed to ascertain if adding sucrose to the 
nutrient medium would increase the rate of translocation of phosphate and 
rubidium to the shoots of darkened bean plants. Although there is some 
evidence that root-supplied sucrose is ineffective in increasing exudation 
(19), and it is stated that the influence of sugars on ion secretion into the 
xylem appears to be weak (2), incomplete experimentation in this labora- 
tory shows that under some conditions (dilute sucrose in Hoagland’s solu- 
tion applied in the morning to roots of bean plants that have not been in the 
dark longer than overnight) applied sucrose will definitely increase the exu- 
dation of rubidium. 

Forty-eight plants were raised for this experiment and were used in lots 
of 16. The first lot was used to test the effeets of light and sucrose in main- 
taining the translocation rate of phosphate during the transition from day 
to night. Four plants were used in the absorption period from 2:00 P.M. to 
6:00 p.m. to establish a basic rate for retention and translocation from which 
to measure deviations in the subsequent night period. The remaining plants 
were divided into three treatments for the 6:00 P.M. to 10:00 P.M. period: 
dark (control), continued light, and dark plus 0.005 molar sucrose in the 
experimental nutrient solution. 

The two remaining lots of plants were used the following morning in a 
study of the effeet of continued darkness and darkness plus sucrose on the 
acceleration of ion translocation that occurs as the plant passes from night 
to day. Phosphate was traced in one lot, rubidium in the other. Four 
plants from each lot were used in the 2:00 a.m. to 6:00 A.M. absorption 
period, again to establish a base from which to measure changes in the 
subsequent day period. There were three treatments in the 6:00 a.m. to 
10:00 a.m. period: light (control), dark, and dark plus 0.005 molar sucrose 
in the nutrient solution. 

Solutions and procedures were as previously described. The darkened 
plants were again held in the dark chamber in the growth room. The results 
of the experiment are displayed in table Il. The evening experiment indi- 
cated that the phosphate retained by the root significantly inereased if the 
plants were exposed to continued light in what is normally the first period 
of night. In darkness during the same period, there was no significant 
change in the amount of phosphate retained and the addition of sugar to the 
nutrient medium had no significant effect. Translocation of phosphate to 
the shoot was maintained in the day-to-night transition if the light con- 
tinued, but fell if normal darkness followed the day. The percentage fig- 
ures show the usual lower per cent. of translocation in the night under all 
treatments. 


In the morning experiment the only significant change in phosphate 


retention with the passage from night to day was in the loss shown by plants 
kept in continued darkness. Light produced a large increase in transloea- 
tion, but no significant change in retention. Applied sucrose increased the 
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retention of phosphate in the roots of darkened plants without producing 
any change in the amount of translocation. It is possible that the inereased 
retention of phosphate in the root due to applied sucrose was not related to 
the problem studied here, but that it reflected the phosphorylation process 
associated with sucrose absorption (16, 18). 

The data on percentage of absorbed phosphate translocated to the shoot 
again Indicate that some diurnal change favoring transport across the root 
occurs With the normal coming of day. Some factor or factors associated 
with light accentuate this change. A comparison of the morning and evening 


TABLE II 


THE EFFECT OF SUCROSE APPLIED TO THE ROOTS OF DARKENED 
BEAN PLANTS ON THE DISTRIBUTION OF PHOSPHATE AND 
RUBIDIUM BETWEEN ROOT AND SHOOT. 

lon 
Light —_—_—_——— 
condition Retained Translocated 
in root to shoot absorbed 


| lon 
Tota] translocated 
to shoot 


Traced ; 
: Period 


micromoles/gm, fresh wt. root % 


P.M.- 6 P.M. Light 1.005 0.073 1.078 
P.M.-10 Dark 1.143 020 1.163 
P.M.~10 P.M. Light 1.716 063 1.779 
P.M.-10 P.M. Dark plus 

sucrose 1.283 O18 1.301 
5%* -588 -035 -619 
A.M.- 6 A.M. Dark 1.229 033 1.332 
A.M.-10 A.M. Light 1.338 Ky: 1.470 
A.M.-10 A.M. Dark 932 070 1.003 


A.M.-10 A.M. Dark plus 
sucrose 1.482 074 1.556 
0378 -040 384 
A.M.- 6 A.M. Dark 553 -197 -750 
A.M.-10 Light 2654 402 1.056 
A.M.-10 . Dark -586 0222 .808 


A.M.-10 - Dark plus 
sucrose 604 246 850 


L.S.D. 5%* 0.040 0,030 0.062 


*Least significant difference at the 5% confidence level. 
transitions shows that light increases phosphate translocation in both eases 
but that the diurnal cycle is not to be denied. In the evening, continued 
light operates in opposition to the diurnal change; in the morning light oper- 
ates with it. Increased sugar content may be the principal factor increasing 
translocation provided that it is supphed through the phloem, but when 
apphed through the nutrient solution it is without effect. 

The behavior of the plants with respeet to rubidium was somewhat dif- 
ferent than with phosphate. Some of these differences have been previously 
noted; a much greater percentage of rubidium was translocated to the shoot 


under all conditions, and the passage from night to day was accompanied 
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by large increases in both translocation and retention of the ion. Again, 
rubidium translocation was not accelerated by the coming of day to the 
same degree as was the case with phosphate. The change produced by 
applied sucrose Was in the same direction as that produced by light, and 
since a linear relationship seems to exist between rubidium absorbed and 
rubidium translocated in the 6:00 a.m. to 10:00 A.M. period, it is unnecessary 
to postulate light factors other than photosynthesis to account for the ae- 
celeration of translocation induced by light. It should be noted that these 
low salt plants have translocated a much smaller percentage of phosphate 


than was the ease in previous experiments. The reason for this is not known. 


Discussion 


This study shows that the probability that an ion entering the root sym- 
plast will be transported to the xvlem depends on at least the following 
factors: (a) the time of day, (b) the species of ion concerned, (¢) the salt 
status of the plant, and (d) light. 

The reasons for a diurnal fluctuation in root activity are no more obvious 
in these experiments than they are in exudation studies to which one would 
expect them to be related if exudation is largely an osmotic phenomenon (4). 
For the present it must suffice to recognize that the root symplast possesses 
some inherent capacity to pass greater proportions of absorbed ion into the 
xvlem during the day. This change is particularly true in the case of phos- 
phate. With rubidium, the coming of day brings inereases in both the 
amount of ion retained in the root and in the amounts translocated to the 
shoot, but the latter shows the greater increase. It is curious, too, that the 
change favoring rubidium translocation should begin before the coming of 
day and last throughout the light period, while increases in per cent. of 
phosphate translocated begin with the day and fall off in the afternoon. 
There is no obvious explanation for this difference in behavior. 

The results obtained here are not in accord with the findings of Hoac- 
LAND (10) and Broyer (5) that higher salt plants pass proportionately more 
ion to the xylem during the initial stages of absorption. It was in the low 
salt plants that the greatest percentage ot absorbed ion Was translocated to 
the shoot, particularly with phosphate during the day. It is conceivable 
that in the first hour or two of absorption the high salt bean roots might 


have passed proportionately more phosphate and rubidium to the xylem, but 


if this were the ease the low salt roots must have had a very great accelera- 
tion of transport across the symplast in the latter portion of the four-hour 
absorption period in order to end the period with a greater amount trans- 
located. It seems more likely that the low salt roots were more active in 
ion translocation from the beginning of the absorption period. Since Hoag- 
land and Broyer did not actually compare plants cultured with different 
amounts of available salt, but rather low salt plants that had, and had not, 
been allowed to accumulate some salt in a previous absorption period, their 
experiments are not strictly comparable with these. 
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It is difficult to say with certainty that the effeet of light on increasing 
ion translocation to the xylem is due solely to an increased supply of metabo- 
lite to the root. These experiments, however, suggest that increasing the 
root activity by increasing the root sugar content via the phloem serves to 
increase the percentage of absorbed ion translocated to the shoot. It is 
possible that light might have other entirely different effects tending to 
increase translocation, but this study is not adequate to disclose them. 


Summary 


A diurnal variation has been found to exist in the ability of Red Mexiean 
bean roots to translocate absorbed rubidium and phosphate to the shoots. 
The maximum translocation occurs about midday, the minimum about mid- 
night. The source of variation appears to reside in some obscure property 
of the root cytoplasm. 

Superimposed upon the diurnal variation are effects due to the metabolic 
status of the roots. Within any one period of the day, those roots that 
absorb the most ion by reason of an adequate supply of metabolite, a low- 
salt, high-sugar nutritional status, or possibly some unknown factor associ- 
ated with illumination, will also translocate a greater percentage of the ion 
to the shoot. 

Rubidium and phosphate demonstrate quite different behavior in the 
bean plant. Both ions are absorbed in greater quantity during the day as 


compared to night, but the increase in phosphate absorption is largely 


accounted for by increased translocation to the shoot, while the increase in 
rubidium absorption is due to both increased translocation and accumula- 
tion within the root. Greater percentages of rubidium are translocated to 
the shoot than is the case with phosphate, and the daily increase in percent- 
age of ion translocated begins earlier and continues longer with rubidium. 
The low salt nutritional status produces a much greater increase in the 
absorption and translocation of phosphate than it does of rubidium. 


This work was performed while the senior author was recipient of an 
Atomic Energy Commission predoctoral fellowship. The radioisotopes used 
herein were obtained from the Isotopes Division of U.S.A.E.C., Oak Ridge, 
Tennessee. 
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The recent widespread increase in iron chlorosis on acid, sandy soils in 
Florida has led to studies of the underlying causes. The leaves on affeeted 
trees are deficient in iron (10). Field observations show that tree condition 
ean be substantially improved by liming. Additions of iron sulphate to the 
soil has not improved tree condition noticeably. Recently foliage condition 
improved when small quantities of chelated iron were used (12). It is 
not known yet whether soil applications of this material will promote the 
rehabilitation of the topsoil fibrous root systems, which have been severely 
damaged in all cases investigated. The heavy metals Cu, Zn, and Mn 
accumulate in the topsoil of citrus orchards despite its very sandy and acidic 
nature (8). This accumulation is independent of that of phosphate, which 
takes place simultaneously (8). These metals, as well as others, may inter- 
fere with Fe metabolism of plants (3, 5). 

Little is known about the fundamentals of heavy-metal nutrition of 
citrus. There is actually little information on the relative toxicities, antago- 
nistic reactions, or the nature and extent of the accumulation of heavy 
metals in reots of any plant. Much additional research is needed to eluci- 
date the processes of their absorption and accumulation. The present studies 
were made with the hope that some information on these aspects of nutri- 
tion could be gained and it is felt that the results presented will contribute 
toward this end. 


Materials and methods 


The plants tested were young citrus seedlings grown in seedbeds of ver- 
miculite as described elsewhere (9). Valencia orange seedlings were used 
mostly; however, some Sunki mandarin seedlings were included in one ex- 
periment. The seedlings were one to two months old when used and the 
experiments were continued two or three months, which gave sufficient time 
for a widely differential growth response. 

Two systems of culture were used. The first involved use of clay pots 
filled with vermiculite and placed in glazed pottery vessels which permitted 
sub-irrigation with the desired nutrient solution. The solution was flushed 
through the pot twice weekly and adjusted frequently to keep the pH near 4 


and to maintain the liquid level. Fresh solutions were applied about every 


two weeks. The second system was a solution culture in one-quart glass 
jars that had been painted successively on the outside with asphalt and 
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aluminum paints. The solutions were adjusted to pH 4 and brought to vol- 
ume with distilled water weekly and new solutions were supplied every four 
weeks. In addition, the solutions were tested every few days to see that the 
applied levels of Cu, Zn, Mn, and Fe remained nearly constant. In both 
systems of culture two seedlings were grown in each container. 

The first vermiculite experiment had two sources of nitrogen (all NOs 
and half NH,4), two levels of Cu (0.02 and 10 p.p.m.), two levels of Zn (0.05 
and 15 p.p.m.), and two levels of Mn (0.5 and 25 p.p.m.). All possible ecom- 
binations of these variables were used, making a total of 16 solution treat- 
ments. Iron from ferric tartrate was added thrice weekly at the rate of 0.5 
p.p.m. Fe. Nitrogen and the other unmentioned essential elements were 
supplied here and elsewhere in levels equivalent to those in one fourth 
strength Hoagland’s culture solution. After 90 days these plants were har- 
vested, divided into roots, stems, and leaves, rinsed several times in distilled 
water, dried and analyzed spectrographically for 10 elements. Only the 
heavy metal analyses are reported. Zine was determined by standard chemi- 
cal procedures. The second vermiculite experiment and the solution cultures 
had 75% of the N supplied as NO,g. The ammonium ion was used to retard 
shifts in pH. Four levels of Cu (0.02, 2.5, 5, and 10 p.p.m.), three Zn levels 
(0.05, 25, and 75 p.p.m.), and three Mn levels (0.5, 25, and 75 p.p.m.) were 
used in combination with two Ca levels (40 and 160 p.p.m.) and two Fe 
levels (1 and 5 p.p.m. from ferrie tartrate). This made a total of 40 cul- 
tures, supplemented by a few additional 10 p.p.m. Cu cultures which eon- 
tained 10 ».p.m. Fe from the chelated complex, KFe-EDTA (6). This ex- 
periment was also continued for 90 days but the only tissue analysis made 
was for Fe in chlorotic leaves. 

The solution culture experiment had variable quantities of Cu, Zn, and 
Mn each at two levels of chelated Fe. These treatments are shown in detail 
in table IV. Each treatment was made in triplicate. The plants were grown 
under differential treatment for 70 days. Only visual observations of the 
growth responses were made. 

Differential quantities of the heavy metals were supplied by using appro- 
priate quantities of CuSO,4, ZnS8O4, MnCl. and ferric tartrate or ferrie iron 
from the chelated complex mentioned previously. 


Results and discussion 


TOXICITY OF HEAVY METALS AND THEIR EFFECTS ON GROWTH 


In the vermiculite cultures, growth was very good except in the supple- 


mentary Cu and 75 p.p.m. Zn treatments, which all caused chlorosis or 
stunting (fig. 1, C to G). Copper was the most toxie of the three heavy 
metals, causing severe suppression of root growth and inducing chlorosis at 
much lower levels of supply than either Zn or Mn. Neither the source of N 
nor the Ca level had any visible effect on the behavior of the heavy metals. 
In the first vermiculite experiment where various combinations of the metals 
were added, there did not appear to be any additive effect on growth sup- 
pression by the three elements. Solutions containing 10 p.p.m. Cu caused 
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severe stunting and chlorosis of the very few leaves that developed regard- 
less of the amounts of Zn and Mn. Zine at the rates of 15 and 25 p.p.m. and 
Mn at all rates including the 75 p.p.n. permitted normal growth of both 


roots and tops. Examples of plants grown at certain levels of the metals are 


shown in figure 1, A to F. 
The frequent additions of ferrie tartrate did not prevent the development 
of chlorotic leaves in the supplemental Cu cultures of the first test. In the 


Fic. 1. Effect of certain heavy-metal treatments on growth and chlorosis of citrus 
seedlings in vermiculite and solution cultures. All are Valencia orange except the plant 
on the right in each clay pot which is a Sunki mandarin seedling. The full-nutrient 
solution contained the following supplemental metals in p.p.m.: A, none; B, 75 Mn; 
C, 75 Zn; D, 25 Cu; E, 5 Cu; F, 10 Cu; G, 10 Cu; H, none; 1, 0.25 Cu; J, 3 Zn: and 
K,5 Mn. Solutions for D, E, and F contained 5 Fe from ferric tartrate. Solution for 
G contained 10 Fe from KFe-EDTA. Ruler is six inches long 
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second vermiculite experiment, where Fe was a variable, no difference in 
growth, intensity of chlorosis, or reduction in metal toxicity to roots was 
associated with the rate of Fe-tartrate supplied. The use of chelated Fe, 
however, prevented the development of chlorosis but did not overcome the 
suppressive effect of Cu on growth. (Compare A, F, and G, fig. 1.) 

Living roots that contained 500 or more p.pan. Cu by dry weight were 
found to be sharply altered in appearance. Elongation was interfered with 
so that numerous laterals were arrested in growth and looked like pegs along 
their parent root. These roots were usually swollen and had a cavity where 
the apical meristem should normally be. Their color varied from very light 
to dark brown. This apparently depended on the amount of Fe supplied 
and the ratio Mn: Fe. A high Mn: Fe ratio in the solution gave very light- 
colored roots. The toxie effect of Cu on the roots is much like that deseribed 
for Zn (3). 

Vermiculite has a relatively high exchange capacity (1). It was found 
near the end of these experiments that nearly all of these heavy metals were 
adsorbed by the vermiculite even though the pH was maintained near 4. 
This apparently reduced greatly the effectiveness of these elements as much 
lower concentrations in the solution cultures showed marked effeets on 
growth. It seems probable that the results obtained in vermiculite would 
be somewhat comparable to those that would be found under acid soil con- 
ditions. Chlorotice seedlings with stunted roots are of rather common ocecur- 
rence under citrus trees in Florida orchards when Cu is high and pH low. 

The uniformity of response in the nutrient solution experiment Was good 
The plants in favorable solutions showed growth that was equal or superior 
to that in good soil or in vermiculite with applied nutrient solutions. Root 
development Was surprisingly good (fig. 2) despite the lack of mechanical 
aeration. Under these conditions similar stunting and chlorosis were caused 
by all three heavy metals (fig. 1, H to K). This picture and those in fig- 
ure 2 were taken 70 days after treatments were begun. 


The observations reported in table I were made on the sixty-first day. 


The suppression of growth as Cu was increased is evident. The greatest 
intensity of chlorosis occurred at the intermediate Cu levels rather than at 
the highest beeause some growth must occur before chlorosis can appear. 
One p.p.m. Cu was very toxie and lethal to some roots, with the consequence 
that new leaf development was essentially curtailed. When the chelated Fe 
was increased from 0.5 to 5 p.p.m. the Fe chlorosis pattern in the new leaves 
never developed but after several weeks they showed the distinctive Mn de- 
ficiency pattern (2). The increased Fe was slightly toxie at the lowest 
levels of the other metals, showing some leaf scorch and some reduction in 
new leaf production (table I). The scoreh was identical with that produced 
by ferrous sulphate (2). No beneficial effeet of the increased Fe on root 
growth was noted at any Cu level used. The absence of Fe chlorosis in the 
leaves made the high-Fe plants appear better for the first few weeks, but 
their general appearance after two months showed only doubtful improve- 
ment. About the only difference was the replacement of Fe chlorosis with 
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Mn chlorosis in the leaves as a symptomatic expression of an extremely 
unhealthy root condition. 

The word “stunted” as used in table | indieates severe suppression of root 
growth and many pegged laterals. None of the roots were dead. The term 


Fig. 2. Valencia seedlings grown in solution cultures with two levels each of Cu 
(0.1 and 0.5 p.p.m.), Zn (3 and 15 p.p.m.), Mn (5 and 50 p.p.m.), and Fe (0.5 and 5 
p.pim.). The plants with 0.5 Cu and 5 Fe do not show chlorosis but the roots are 
severely stunted (compare with check in center row) 


very stunted is used to indicate extreme metal toxicity and presence of some 


swollen (bulbous) root tips. The root systems are capable of new growth 
when placed in a favorable environment. The roots indicated as dead were 
flaccid, discolored, and in various stages of decomposition. In appearance 
the plants at 3 p.p.m. Zn were about like those at 0.25 p.p.m. Cu. Actually 
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the root condition Was somewhat better. The 15 p.p.am. Zn plants were like- 
wise similar to the 1 p.pam. Cu plants. Thus, under these conditions Cu 
seems to be about 12 to 15 times as toxic as Zn. Both elements block the 
upward translocation of Fe and thus induce Fe chlorosis in the leaves. The 


increased level of chelated Fe eliminated this symptom with Zn also and this 


TABLE I 


GROWTH RESPONSES OF VALENCIA ORANGE SEEDLINGS AFTER TWO MONTHS IN 
COMPLETE NUTRIENT SOLUTION WITH HEAVY METALS VARIED AS INDICATED. 


General ap- 
pearance 
of tops 


Condition 
of roots 


Cu Zn Mn Fe New’  Chlorosis 
leaves* type 


p-p-m. p.p.m. p.p.m. p.p.m. 


0.004 0.01 0.1 0.5 32 Very good Very good 
0.1 0.01 0.1 0.5 ‘e Fair Stunted 
0.25 0.01 0.1 0.5 13 , Poor Very stunted 
0.5 0.01 0.1 0.5 } Poor Very stunted; 
partly dead 
0.75 0.0] 0.1 0.5 , Poor Very stunted; 
partly dead 
l 0.01 0.1 0.5 é Fe Poor Very stunted; 
mostly dead 
0.004 0.01 0,1 5 2! Good; slight Good 
Fe toxicity 
0.1 0.01 0 2° Fair "Stunted 
0.5 0.01 0 ‘ Poor Very stunted; 
partly dead 
] 0.01 Poor Very stunted; 
mostly dead 
0.004 3 0 ‘ re Poor Slightly stunted 
0.004 15 0.1 e Very poor Very stunted; 
partly dead 
0,004 30 0 f Five dead All dead 
0.004 3 0.1 e Fair Slightly stunted 
0.004 15 ) , Very poor Very stunted; 
partly dead 
0.004 30 ua All dead All dead 
0.004 0.01 ‘ ‘e Fair Slightly stunted 
0.004 0.01 2! ‘e Poor Stunted 
0.004 0.01 ‘ , ‘e Poor; Mn Stunted; 
toxicity partly dead 
0,004 0.01 : $ : in Very good Very good 
0.004 0.01 i Good Slightly stunted 
0.004 0.01 eee Poor; Mn Stunted 
toxicity 
0.004 0.01 y - PAN Dead Died after tops 


*Total on six plants. 

**Of six plants, 2 showed Mn chlorosis, 3 Fe chlorosis. 
again resulted in Mn-deficient leaves. The inereased iron level in this case 
substantially improved the top growth but did not entirely overcome the 
toxic effect of Zn on the roots (fig. 2). 

Manganese was much less toxie than Cu or Zn but readily caused Fe 
chlorosis. It would appear from these comparisons that Cu is about 50 
times as toxie as Mn. At the low Fe rate, 5 p.p.m. Mn caused very severe 
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chlorosis and stunting of the top and the roots showed evidence of toxicity, 
Substantial improvement in both root and top condition was achieved by 
increasing the chelated Fe to 5 p.pan. (fig. 2). Plants with 5 p.p.m. Mn and 
5 p.pan. Fe were among the best in the experiment. At 50 p.pan. Mn eaused 
severe chlorosis and stunting of the tops and was toxie to both leaves and 
roots. With Fe increased to 5 p.p.m. chlorosis of the leaves was prevented 
but vellow orange spots and curling caused by Mn toxicity (4) developed. 
The roots in these cultures also showed typiexl heavy metal toxicity. Even 
25 pP.p.m. Ke appeared to be non-toxic to roots. Excessive absorption of 
chelated Fe, however, killed the leaves in a few days. The initial symptom 
of Fe toxicity was a speckled scoreh, followed by death of the leaf. The 
roots were still alive and light-colored several days after the leaves and 
stems were dry and brown. Cu, Zn, and Mn at the supplementary levels 
shown in table I, each prevented the leaf secoreh that 5 p.pan. Fe eaused at the 
low levels of these elements. A few supplementary Jars were given 26 p.p.m. 
chelated Fe along with the high rates of Cu, Zn, and Mn; 7.e., 1, 30, and 50 
p.p.m. respectively. No Fe leaf scoreh appeared in any of these combina- 
tions but the roots still showed evidence of heavy metal toxIeity. The tops 
were not chlorotic in any of the treatments but they were severely stunted. 

The relative effeets of Cu, Zn, and Mn on eitrus seedlings are of the same 
order as described by Hrewrrr (5) for sugar beets. His observations were 
apparently limited to the upper parts of the plant since root behavior was 
not mentioned. He states that it is possible to induce chlorosis with these 
and other metals at levels that are non-toxie to plants. All the present 
observations on Cu and Zn on citrus have shown that toxicity to roots either 
accompanied or preceded leaf chlorosis. The effeet of Mn was not clearly 
established. It may be possible to find conditions under whieh Mn would 
induce Fe chlorosis without being toxic to roots. Tt appeared in the present 
tests, however, that Mn reduced root growth before chlorosis developed in 
the leaves. The responses of different plant species may vary somewhat, 
ol course. 

The development of Mn-deficieney symptoms after correction of Fe 
chlorosis in plants grown with exeess Cu and Zn agrees with the published 


data (10) in which it was shown that both Fe and Mn were at very low 


levels in the leaves of chlorotie orchard trees. It would seem logieal that 
this same response might oeeur in orehard trees that were treated with 
chelated iron. The failure of iron to reduce the toxicity Ol Cu to roots in 
these tests would seem to suggest that the applieation of chelated Fe to 
chlorotic citrus trees in the orchard may not promote the re-establishment 
of roots in the soil zone containing relatively large amounts of accumulated 
Cu. The Fe may, however, be beneficial for other reasons. Thus, for exam- 
ple, a tree with restored photosynthetic eapacity may develop additional 
roots in a different soil horizon or it may reeover much more rapidly when 
Fe is used in conjunction with lime. The fact that citrus is much more 
sensitive to Cu than to Zn and Mn, along with the evidence (7, 8) that more 
Cu than either Zn or Mn has accumulated in the soil of affleted orehards, 
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suggests strongly that excessive use of Cu is the chief factor involved in 
producing the chlorotie condition in Florida eitrus trees on acid soil. 


kkFFECTS OF N SOURCE AND RATE OF APPLICATION OF HEAVY METALS ON THE 
DISTRIBUTION OF THE LATTER IN CITRUS SEEDLINGS 


Although N souree had no effect on growth, it did have some effect on 


the behavior of each of the metallic ions (table I1). Copper mobility was 


slightly increased by NH, so that more of it got to the tops of the plants. 
The reverse Was true of Mn, while Zn and Fe were not affected. More Fe 
accumulated in the roots in the presence of NH y than in its absence. In 
contrast, less Zn and Mn accumulated in the roots in the NH, series. 

One striking response was the absence of any apparent relation of leaf 
Cu concentration to the supplied amount or that accumulated in the roots. 
Thus, while the difference in rate of supplhed Cu was 500-fold, the corre- 
sponding difference in the root concentration Was only about four-fold and 
there was no difference in the leaf concentration. 

Zine was found to increase in all plant parts when the supply was 
increased. The root concentrations found at the two Zn rates differed even 
less than with Cu. The leaves, however, show a substantial inerease. 

The Mn concentrations in all tissues at the two rates of supply differed 
much more than was the case with either Cu or Zn. The ratio of the leaf 
concentrations is even larger than that of the roots. It is perhaps note- 
worthy that with this element the supply differential is only a factor of 50 
instead of several hundred as with the other two metals. 

The information Just given in regard to heavy-metal distribution would 
suggest that Cu ean induce Fe chlorosis without itself being transported to 
the foliage in increased amounts. If either Zn or Mn were the offending 
metal, however, one would expect to find an abnormally high foliage concen- 
tration of these elements. It has been reported (10) that chlorotic orange 
leaves from Florida orehards on acidie soil have unusually low Fe and Mn 
contents While Cu is present in normal amounts. Unpublished data have 
since shown that Zn concentration im such leaves is in the low-to-normal 
range. Thus, evidence from the pattern of metal distribution within the 
plant corroborates other evidence such as soil analysis and toxicity to roots 
in showing that excessive use of Cu is the eluef faetor that has brought on 
the chlorotie condition in many Florida citrus orchards 

Table IT also shows how one metal may influence another High Cu 
caused a reduction of Zn in all plant parts. It repressed Mn accumulation 
in roots and Fe in leaves. The Fe value of 74 is a mean from samples whieh 
contained mixtures of chlorotic and green leaves. Chlorotic leaves analyzed 
by themselves contained 26 p.pan. Fe. Similar low Fe values were found in 
chlorotic leaves from plants grown in solution cultures with excess Zn or 
excess Mn. None of the metals influenced root accumulation of Fe however. 
Karlier work (3) showed this same relation between the Fe content of the 
roots and the leaves of lemon seedlings grown in solution cultures with 
excess Zn, 
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TABLE Ill 


EFFECT OF NITROGEN SOURCE AND COPPER AND ZINC LEVELS ON THE 
CONCENTRATION OF MANGANESE IN VALENCIA ORANGE ROOTS, 


Concentration of Mn 
Supplied metals ' 


Nitrogen all NO, Nitrogen half NH, 
p-p.m, p.p.m. p.-p.em. 
0.5 Mn: 
0.02 Cu plus 0.05 Zn 2,500 960 
0.02 Cu plus 15 Zn 1,000 970 
10 Cuplus 0.05 Zn 1,200 370 
10 Cuplus 15 Zn 1,200 480 


25 Mn: 
0.02 Cu plus 0.05 Zn 16,000 13,000 
0.02 Cu plus 15 Zn 12,000 4,700 
10 Cu plus 0.05 Zn 8,600 4,000 
10 Cuplus 15 Zn 6,600 3,200 


Zine appeared intermediate between Cu and Mn in its effect on tissue 
composition. At the low rate of Cu supply, high Zn depressed the Cu con- 
centration in the roots. At the high-Cu level, Zn had no efteet on Cu 
accumulation. This interaction resulted in a non-significant overall effect 
of Zn on Cu uptake (table Il). High Zn depressed Mn concentration in all 
tissues but had no effeet on Fe distribution in this test where it had no effect 
on growth. 

Manganese appeared to have little effeet on the other metals. The 
effeets of N souree and Cu and Zn levels on accumulation of Mn by roots 
is shown in detail in table III. The effect of N source on Mn accumulation 
is clearly shown, but the eause is not understood. The suppression of Mn 
by Zn is obvious at the high-Mn rate but it was not consistent at the low-Mn 
rate at which it appears that the Cu level may have had some influence. 
Copper interfered with Mn accumulation regardless of Mn or Zn level. The 
effects of Cu and Zn were supplementary in the high-Mn treatments. 


TABLE IV 


CONCENTRATION OF OTHER HEAVY METALS IN VALENCIA ORANGE ROOTS 
LISTED IN THE ORDER OF INCREASING COPPER CONCENTRATION. 


Rate of applied metal | 


Concentration in dry matter 


Cu Zn Mn Cu Zn Mn Fe Al 


p.p.m, p-p.m, p-p.m. p-p.m, p.p.m. 
100 9,100 1,000 1,145 1,025 
140 6,500 97 950 1,100 
17 3,950 8,350 1,250 1,220 
195 3,200 1,730 785 830 
240 2,580 1,120 1,175 
510 2,100 ; 1,150 930 
550 1,920 810 1,025 
665 3,230 1,100 1,200 

2,100 910 760 
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That Cu and Zn may influence the adsorption of each other is seen in 
table IV. Root analyses of plants from individual treatments were selected 
for the ascending Cu-values shown. No distinetion was made between the 
N sources. Some evidence of antagonism between different pairs of elements 
may be seen, the most obvious being the reciprocal relation between the eon- 


centrations of absorbed Cu and Zn. The relation is not stoichiometric, nor 


does it appear to be controlled directly by metabolic processes (9). It may 


be possible to elucidate these adsorption responses by researel on non-living 
exchange systems. 

The data in table [V suggest that one element ean simultaneously sup- 
press the adsorption of two other elements. This adsorption can be seen by 
comparing the Cu, Zn, and Mn values in lines 1, 4, and 6, which represent 
treatments at the low-Mn level. When the rate of Zn was inereased, both 
Cu and Mn were depressed. Likewise, when Cu was increased, both Zn and 
Mn were depressed. Similar effects at the high-Mn level may be seen in 
lines 3,5, and 7. Aluminum was not supplied in these solutions. The ver- 
miculite apparently supplied that which was adsorbed. The parallel be- 
havior of Al and Fe is perhaps noteworthy since it agrees with the close 
parallel found in leat accumulation of these two elements by orchard trees 
(11). 

It seems apparent that the heavy metals influence the aetion of one 
another which points to the desirability of considering them as a group in 
studying heavy-metal nutrition. Single-element studies could lead to errone- 


ous conclusions regarding ion behavior. 


Summary 


Studies were made on the responses to differential supplies of copper, 
zinc, manganese, and iron shown by sweet orange and mandarin seedlings 
grown in vermiculite and solution cultures with the pH maintained near 4. 

The first three metallic ions were all found to interfere with Fe metabo- 
lism in such a Way as to induce chlorosis under certain conditions. Rela- 
tively low concentrations of these elements also were toxic to roots. These 
two effects appeared to be related in that it was not possible to induce 
chlorosis without simultaneously inducing toxicity to roots. They were pro- 
duced in solution cultures with O11) pyp.m. Cu, 3 p.p.m. Zn or 5 p.pan. Mn, 
the lowest supplementary levels used. Copper appeared to be about 50 
times as toxic as Mn and 12 to 15 times as toxie as Zn. 

These metals appeared to cause Fe chlorosis by interfering with the 
upward movement of Fe since they did not reduce the accumulation of Fe 
in roots. Strongly chelated Fe overcame this interference in some way and 
prevented the development of chlorosis. It did not, however, prevent Cu 
toxicity in roots. It appeared to reduce slightly Zn toxicity in roots and to 
alleviate greatly toxicity due to Mn. 

Chelated Fe from ferric potassium ethylenediamine tetra-acetate was 
toxic to leaves when used at 5 p.p.m. Fe in solution culture if all the other 


metallic ions were relatively low in concentration. The foliage scorch pro- 
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duced was identical with that produced by FeSO,4. This toxicity was pre- 


vented by increasing the amounts of any of the other three metals. 

The analytical data presented show that Cu accumulates in roots, even 
to the point of toxicity, without being transported to the upper parts of the 
plants in increased amounts. Both Zn and Mn show marked accumulation 
in the roots as well as substantial distribution within the plant when these 
elements are increased in the nutrient solution. The data also show several 
cases of interference in accumulation of one element by another. The form 
of nitrogen also appreciably affected the behavior of several of these metals. 

LITERATURE CITED 

BarsHap, 1. Vermiculite and its relation to biotite as revealed by base 
exchange reactions, x-ray analyses, differential thermal curves, and 
water content. Amer. Mineral. 33: 655-678. 1948. 

‘HAPMAN, H. D. and Ketity, W. P. The mineral nutrition of citrus. 
In: The Citrus Industry, Vol. 1, University of California Press. 
1943. 

‘HAPMAN, H. D., Liesic, G. F., Jr., and Vansetow, A. P. Some nutri- 
tional relationships as revealed by a study of mineral deficiency 
and excess symptoms on citrus. Proe. Soil Sei. Soc. Amer. 4: 196 
200. 1939. 

Haas, A. R. C.) Some nutritional aspeets in mottle-leaf and other 
physiological diseases of citrus. Hilgardia 6: 483-599. 1982. 

Hewitt, E. J. Relation of manganese and some other metals to the 
iron status of plants. Nature 161: 489-490. 1948. 

Jacopson, L. The maintenance of iron supply in nutrient solutions by 
a single addition of ferric potassium ethylenediamine tetra-acetate. 
Plant Physiol. 26: 411-413. 1951. 

{EUTHER, W. and Situ, P. F. Effects of high copper content of sandy 
soil on growth of citrus seedlings. Soil Sei. 75: 219-224. 1953. 

Reutuer, W., SMiru, P. F., and Specut, A. W. Accumulation of the 
major bases and heavy metals in Florida citrus soils in relation to 
phosphate fertilization. Soil Sei. 73: 375-381. 1952. 

SmirH, P. FF. Heavy-metal accumulation by citrus roots. Bot. Gaz. 
(In press). 

SmituH, P. F., Recruer, W., and Specut, A. W. Mineral composition 
of chlorotic orange leaves and some observations on the relation of 
sample preparation technique to the interpretation of results. Plant 
Physiol. 25: 496-506. 1950. 

Smiru, P. F., Reuruer, W., and Specut, A. W. Seasonal changes in 
Valencia orange trees. II. Changes in micro-elements, sodium, and 
carbohydrates in leaves. Proc. Amer. Soe. Hort. Sei. 59: 31-35. 
1952. 

Srewart, I. and Leonarp, C.D. Chelates as sources of iron for plants 
gvrowing in the field. Seienee 116: 564-566. 1952. 
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The seasonal variations in the carbohydrates of the perennial tissues of 
trees have been often investigated in the attempt to find some clue to their 
frost hardiness. The produets of photosynthesis are stored as soluble sugars 
and starch in various parts of trees, reaching a maximum value just before 
leaf drop. When cold weather comes, the starch disappears from the more 


exposed tissues and often from the entire tree and is not to be found again 


until warm weather arrives in spring. The relationships between tempera- 


ture and the form of carbohydrate present vary from species to species and 
also with different climates (6, 16, 19, 22, 30,33). Levirr (21) has reviewed 
a large number of papers dealing with this subject and has attempted to 
correlate the carbohydrate variations with frost hardiness. 

The present investigation grew out of a similar attempt to assess the 
relationship of variations in the carbohydrate constituents of the living bark 
of the black locust tree (Robina pseudo-acacia L.) to the variations in frost 
hardiness. 

The variations and transformation in the carbohydrate constituents of 
the bark, including reducing sugars, sucrose and starch, were followed sea- 
sonally in normal trees for a year and a half. In addition, to determine 
whether, and to what extent, transformations and variations in the carbo- 
hydrates of the bark were independent of the normal seasonal conditions, 
suumples were taken for analysis at various times throughout the year from 
sections of the bark of trees in which translocation had been intereepted by 
previous ringing above and below the sampling area. Such unseasonal and 
independent transformations were also produced and examined in logs cut 
from trees with the bark intact and stored at different temperatures in the 
laboratory. 


1Paper no. 2842, Scientifie Journal Series, Minnesota Agricultural Experiment 
Station, 

2 Present address: Division of Chemistry, Department of Agriculture, Science Serv- 
ice, Ottawa, Canada. 

3 Present address: Department of Botany, University of Wisconsin, Madison, Wis- 
consin 
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Materials and methods 


The black locust trees used in this study were found on a small hill near 
the St. Paul campus of the University of Minnesota. The trees were from 
five to eight inches in diameter, about 15 vears old, and had straight trunks, 
sometimes 10 to 12 feet of the trunk being free of branches. The tissue 
which was analyzed in this work was the living or inner bark. The brown 
outer dead corky bark was removed from the trunk with a knife to reveal 
the light-colored living bark, which would average about 3 mim. in thickness. 
The living bark was divided into samples of from 0.3 to 0.7 gm. fresh weight, 
depending on the thickness of the bark and the area of the section, and was 
removed from the tree. During the spring, summer, and early fall the living 


bark was easily removed from the tree because of the weakness of the eam- 


bium layer, but during the dormant season the seetions stuck tightly to the 


wood, making it diffeult to remove them completely. The area from which 
the bark was removed was about 70» 120 mm., small enough so that one 
tree could be sampled a number of times up and down the trunk without 
seriously affecting the normal functioning of the remaining phloem 

The samples were weighed and stored in small vials. Two sections were 
dried at 95° C for six hours in a vacuum oven to determine the per cent. of 
dry weight of the tissue. The figures obtained were then used to calculate 
the dry weight of the adjoining sections taken from the same tree The 
sections to be used for carbohydrate determinations were stored in 80% 
alcohol at 380° C. Some of the samples were preserved by first pouring the 
hot aleohol over the sample and holding the temperature at 70° C for half 
an hour to destroy enzyme activity, but it was found that no changes in 
carbohydrates occurred during a five-month storage period even when this 
pre-heating Was not used 

Analytical procedures 

Reducing sugars and sucrose were determined by the method of Hassip 
(13, 14). In preliminary studies on the seasonal variations of these con- 
stituents of the bark of black locust (28), the method of BuisH and SaNpb- 
step’ (3) was employed. Values obtained by this method, while showing 
the same general trend as those found in the present, more extensive study, 
were consistently higher, which was due, apparently, to a partial hydrolysis 
of other carbohydrate constituents under the acidie conditions of extraction 
required by this method (18). 

Mach sainple Was cut into small strips, placed in a large test tube, and 
extracted three times with hot 80% aleohol The extract was then boiled, 
with small additions of water, until the aleohol was removed and was elari- 
fied by adding in suecession, 1 ce. of saturated lead acetate, 2 ee. of satu- 
rated disodium phosphate, and 0.6 gm. of bone ehareoal. Animal chareoal 
Thiust be used, beeause plant carbons have been found to adsorb sucrose (2). 
The treated extract was then filtered through a laver of tale on a Buehner 


funnel and diluted to volume. The redueing value of the clarified extract 
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was determined by the ferrievanide-ceri¢ sulphate titration method, using 


Setopaline C as the indicator. Sucrose was determined by hydrolyzing an 


aliquot of the clarified extract with invertase and determining the increase 
in reducing power by the same method, 

The residue from the aleohol extraction Was washed with ether, air-dried, 
and stored at 3° C until the starch determination could be earried out. 
Starch was determined colorimetrically using the method suggested by 
NIELSEN (24, 25) and by Pucner ef al. (27). Each sample was ground in a 
mortar with sand and 5 mil. of 4.7.V perchloric acid. (It is believed that 
Nielsen made an error in calculating or reporting his perehlorie acid con- 
centration for optimum extraction as 4.8 molal instead of 4.8 molar.) A 
thorough wet grinding was needed to erush all of the stareh-containing cells 
in the tough fibrous bark. The usual preliminary solubilizing treatment 
with boiling water was not used because other materials were released into 
solution upon subsequent grinding which caused turbidity and interfered 
in the colorimetric determination. After grinding and extracting for 15 
minutes, the sample was washed into a small centrifuge tube, centrifuged 
briefly, and the extract was decanted and collected. The residue in the tube 
was Washed with water, centrifuged and the washings combined with the 
first extract. The sample was then returned to the mortar and extracted 
again with 5 ml. of 4.7.V perehlorie acid along with more grinding. This 
extraction Was carried through exactly as the first and the extract was com- 
bined with it. A third extraction with perchloric gave complete removal 
of the stareh. The combined extracts were made up to a volume of 50 ml. 
and could be stored for as long as six days at 3° C without appreciable 
change. 

Starch was estimated colorimetrically as the starch-iodine complex. One 
milliliter of the extract was tested on a spot plate with an I,-KI solution to 
determine roughly the aliquot and dilution required for the colorimetric 
method. Usually aliquots of 1 or 2 ml. were transferred to a volumetric 
flask and diluted to 10 to 15 ml. volume. For extracts containing little 
starch, aliquots of 3 ml. or 5 ml. were used. A drop of phenolphthalein was 
added followed by 2.N NaOH added dropwise until the solution became 
pink. After back titration to colorless with 2.V acetic acid, 2.5 ml. of the 
acetic acid were added in excess, then 0.5 mi. of a fresh KI solution followed 
by 2.0 ml. of 0.025 NV KIOs. A few minutes were allowed for the color de- 
velopment, and the solution diluted to volume, 25 ml. or 50 ml., depending 
on the amount of starch present. The solution was then centrifuged briefly 
and the per cent. of transmission at 590 mp was determined against a reagent 
blank. The amount of starch present Was estimated by referring to a stand- 
ard curve prepared with potato starch. The point of maximum absorption 
for both the potato starch standard and the Robinia bark starch was 590 mp. 

The colorimetric determination of the starch-iodine complex proved to be 
satisfactory and convenient for the determination of starch in the tissues 
tested, but certain fundamental drawbacks of the colorimetric method must 
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be recognized (29). The starch used for a standard may have a different 


absorption maximum or may contain different ratios of amylose and amylo- 


pectin than the unknown starch. In this case the absolute amount of starch 
in the unknown would not be determined, but the relative values, which are 
important in the study being carried out, would be correct. Another error 
could result if the amylose-amylopectin ratio were to change seasonally in 
the tissues being studied. 

The takadiastase method suggested by Denny (10) was tried on this 
tissue, but proved unsatisfactory. One sample of bark which showed no 
detectable blue stain with iodine contained 2.7% stareh according to the 
takadiastase method, while the colorimetric method gave 0.2% starch. 

Qualitative analyses of the soluble sugars by paper chromatography 
according to the method of PARTRIDGE and WestTaLL (26) were made on some 
of the alcoholic extracts. The solvent employed was butanol-ethanol-water 
and the sugar spots were developed with ammoniaeal silver nitrate. 


Results and discussion 
NORMAL TREES 


Bark tissues from 20 trees were used in this study and more than 40 groups 
of samples were taken between May 1949, and August 1950. Twenty-one 
were taken between May 20, 1949, and November 29, 1949, while 13 more 
were taken in the ten-week period between Mareh 30, 1950, and June 12, 
1950. Two samples from each group were analyzed for carbohydrates and 
the analysis was repeated if the two samples did not check to within 10%. 
The normal variations in carbohydrates between two adjacent sections of 
the living bark rendered it impossible to obtain greater accuracy. 

Reducing sugars, sucrose, and starch, ealeulated as percentage of the dry 
weight of the bark tissues, are given in table I together with the dates of 
sampling and a designation of the trees from which the samples were taken 
Trees A to I, inclusive, were cut down at the time of sampling. Trees 1 to 6, 
inclusive, were ringed initially at the time the samples were collected. Trees 
7 to 11, inelusive, were sampled repeatedly for carbohydrate analysis in the 
manner deseribed above. 

The average seasonal variations of the reducing sugars, sucrose, starch, 
and the summation of these, denoted as total reserve carbohydrates, in the 
bark of normal trees throughout the year are presented in figure 1. The 
analytical figures for most of the trees are reasonably close to the smooth 
curves as shown in the figure, but in an occasional tree the deviation from 
the average pattern is somewhat more than the experimental error of the 
determination. 

Paper chromatographie analyses performed on extracts of samples col- 
lected on February 6, 1950, and July 7, 1950, showed sucrose to be present 
as the principal sugar, with glucose and fructose present in small quantity 
together with a small amount of maltose. The extract of a sample taken 
Mav 27, 1950, however, showed that no fruetose was present even though 
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TABLE I 


DATES OF COLLECTION AND ANALYSES FOR REDUCING SUGARS, SUCROSE, AND 
STARCH CONTENTS OF THE LIVING BARK OF NORMAL BLACK LOCUST 
TREES IN 1949 AND 1950, CARBOHYDRATE ANALYSES ARE GIVEN 

AS PE R CE NT. OF DRY WE our OF THE BARK TISSU ES 
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the amount of reducing sugar, 1.38% by quantitative analysis, Was somewhat 
larger in this sample than the average for that time of the year. 

These chromatographic analyses and the results of quantitative analyses 
given in table I show sucrose and starch to be the major carbohydrates pres- 
ent in the living bark of Robinia. Tracing first the course of seasonal vari- 
ations in sucrose throughout the yearly eyele of 1949-1950 beginning in the 
spring of 1949, it is seen that sucrose was at the minimum level of 2% in 
early May of that year, having been depleted by the demands of rapid 
terminal and radial growth which had occurred just prior to that time with- 
out compensatory assimilation. Following emergence of leaves and initia- 
tion of photosynthesis, the sucrose began to increase. It reached a maxi- 
mum value of about 11% as early as the last week in August for some trees 
and remained at this level throughout the fall. By the end of winter the 
sucrose level had fallen slightly, probably because of respiration. Then in 
April it began to fall much more rapidly as warmer weather came and this 
drop was associated with a concomitant and proportionate increase in the 
starch. The decrease in sucrose and the concomitant Increase in starch was 
slowed somewhat by periods of cool weather, but when the higher tempera- 
tures persisted in late May and growth was initiated both sucrose and stareh 
again decreased rapidly to minimum values. 
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feducing sugars were at a constant low level, of 0.8% to 1.1% of the dry 


weight, during most of the vear. In late winter they reached «a maximum 
of about 3.0% of the dry weight. Some of the increase may have come from 
the starch which disappeared with the coming of cold weather, but some 
may have come from sucrose which also decreased during the winter. 
Starch was also depleted initially in late May of 1949 by the flush of new 
growth, then remained at a summer minimum of less than 1% of the tissue 
dry weight during June and July. It did not accumulate to any marked 
extent in the bark until after the suerose had reached a level of 5 to 6%, but 
increased progressively during September and reached a maximum in one 
tree of 8% on October 21, 1949, after leaf drop and just before the first 
killing frost. Probably some of the carbohydrates, moving out of the leaves 














Fic. 1. Average seasonal variation as per cent. of dry weight of tissue, in reducing 
sugars (curve 1), sucrose (curve 2), starch (curve 3), and total reserve carbohydrates 
(curve 4) in the living bark tissue of 12 Robinia trees during the period from May 1949 
to August 1950 


into the bark of the trunk and branches before leaf abscission, contributed 
to the total accumulation of starch in the bark which occurred at this time 
(23). Unfortunately the next samples from most of the trees were not taken 
until November 28. Under the influence of cool temperatures in the inter- 
vening period from October 21 to November 28, the starch in the bark de- 
creased from the early autumn maximum to a value of less than 1% and 
finally reached values in February as low as 0.10. The analyses performed 
on November 28 indicated that no increase in sucrose or reducing sugars 
was associated with the sharp drop in starch content, with the result that a 
loss of total carbohydrate seemed to have taken place. A probable clue to 
the fate of the disappearing starch and total carbohydrate at this time in 
normal trees was obtained in the instance of only one tree either because 
in this instance sucrose was not at a high level of concentration initially or 
because only a brief period was permitted to elapse without sampling be- 
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tween the time of considerable accumulation and the time of disappearance 
of starch after incidence of cold weather. This tree when sampled on Oc- 
tober 21, 1949, contained 4° stareh and 7% sucrose in the living bark, but 
When sampled again on November 4 it had 1.7% stareh and 10% sucrose. 
A considerable percentage of the stareh in this tree had apparently been con- 
verted to sucrose in this short interval with the advent of cool weather, It 
would appear, on the basis of this result and of the results on isolated bark 
segments to be presented later, that in the other trees the starch may also 
have been converted to sucrose in the fall but that a physiological limit 
exists in the amounts of sucrose which ean be concentrated in the cells or 
tissues of the bark. Sucrose in excess of this limit, which appears to be 
roughly 12, was either not retained in the bark tissue and diffused rapidly 
out of the bark into the adjoining wood as it was formed or was rapidly 
transformed into another carbohydrate not included in the analysis. It is 
probable that sampling and analysis of the bark performed at regular and 
frequent intervals subsequent to the onset of cool weather might have re- 
vealed such transformation of starch to sucrose in the other trees as well. 

In early April with ineidence of short periods of higher temperatures, 
a very small amount of starch reappeared in the tissues. Between April 13 
and April 20, 1950, there was a three-day sustained period in which the tem- 
perature never fell below freezing and during this time the starch content 
increased from 0.50% to 3.2%. The next three weeks were cold with the 
temperature dropping below freezing at least every might and no further 
increase in starch was manifested. Between May 11 and May 15 there was 
another period of three to four days during which the temperature never 
dropped below 5° C and again the starch content of the bark rose from 2.4% 
to 5.8%. With persisting higher temperatures starch finally reached a maxi- 
mum of 6.7% on May 24 in the bark of one tree along with 3.7% sucrose 
and 0.8% reducing sugar for a total of 11.2% carbohydrate. The same tree 
had had 0.38% starch, 8.9% sucrose and 2.6% reducing sugars in the bark on 
March 30 for a total of 11.8%. During this period of two months with suffi- 
ciently prolonged spells of warm weather no considerable change in the total 
carbohydrates had occurred but the soluble sugars were replaced almost 
quantitatively by stareh. The maximum amount of starch in the spring 


occurred on May 24, about the time the new leaves were beginning to appear. 


Three weeks later, when the leaves were fully grown and a considerable por- 
tion of the new wood had been formed, the starch, along with sucrose, had 
dropped to summer minima. The yearly cycle was now complete. 

The spring of 1950 was the coolest in 50 years in Minnesota and this was 
reflected in the delayed seasonal growth in the locust and therefore in the 
variations in its bark carbohydrates. In the spring of 1949, which was a 
normal one, starch and sucrose had each been depleted by growth to a level 
of approximately 2% on May 20, while in the spring of 1950 growth was not 
sufficient to deplete the starch and sucrose to this level until June 6. How- 
ever, by the first week in July 1950 the stored carbohydrates were the same 
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as the 1949 values. This delay in seasonal activity observed in the cool 
spring of 1950 is in accord with the findings of DAUBENMIRE (9) who re- 
ported that Robinia showed no increase in the diameter of the trunk in those 
periods in the spring when the minimum temperature remained below — 1° C 
A delay in budding and flowering of a number of trees and shrubs in the 
same area Was also observed during the spring of 1950 (17). 

The complete disappearance of fructose (as indicated in the ehromato- 
graphic analyses of extracts of May 27, 1950) in the spring at the end of the 
period during which sucrose is metabolized most rapidly is signifieant and 
may Indicate some peculiarity in the metabolism of the tree at this time. 


LOGS CUT IN SPRING 


The above analyses of the seasonal variations in the starch and sucrose 
contents of normal locust bark tissue reveal the following approximate inter- 
relationships: (a) Starch begins to accumulate in summer only after the 
sucrose content has reached a value of approximately 3 to 4% of the dry 
weight of the tissue. (b) When the sucrose content reaches a value of 10 to 
12% of the tissue dry weight, further accumulation of assimilable earbo- 
hydrate is entirely in the form of stareh. (e¢) When autumnal temperatures 
approach the freezing range, starch quickly and almost completely disap- 
pears from the tissues. If the suerose content is much below the apparent 
limiting value of 10 to 12%, a part of the starch loss will be reflected in an 


increase in sucrose to a value approximating this limit. Carbohydrate de- 


rived from stareh in excess of the amount needed to bring sucrose to its 
limiting value is lost from the analyses, due possibly to its diffusion (as 
sucrose or other soluble carbohydrate) into the wood of the trunk or its 
conversion to hemicellulose or other form not determined in the analyses. 
(d) Suerose content remains high through the winter. When spring tem- 
peratures remain well above the freezing point, the sucrose present (perhaps 
that in excess of the 3 to 4% required under (a)) rapidly disappears and 
a nearly equivalent amount of starch reappears in the tissue. Both then 
quickly drop to summer minima as the growth of new tissue occurs. 

These observations suggested that a reversible temperature dependent 
upon sucrose-starch interconversion mechanism exists in the living bark 
tissue of the locust tree and prompted an effort to convert the starch, at the 
point of its highest accumulation in spring, back to suerose by artificial 
application of low temperature. 

Three lengths of log with bark intaet were cut from a tree on May 22, 
1950, when the spring accumulation of starch was near the maximum. Sam- 
ples taken from the living bark of one log were immediately frozen for 
preservation and later analysis. A second log was transferred to a refrigera- 
tor at + 3° C where respiration would be depressed, and the third log was 
placed in the laboratory subject to the normal temperature fluctuations 
usually between 20 and 24° C. A month later the bark of the second and 


third logs were sampled and analyzed along with the frozen samples taken 
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from the first log. The results of these analyses and those obtained on a 
normal tree on June 22 are shown in table Il. The water contents of the 
bark tissues at the times of sampling are also indicated. 

The cut log kept at room temperature dried out somewhat and no cam- 
bial division or deposition of wood was observed to have taken place during 
the period of storage. Respiration, however, must still have been maintained 
at a high level beeause considerable depletion of carbohydrate occurred. 
Although sucrose and the reducing sugars were originally the readily avail- 
able carbohydrates, their concentration did not change during this period; 
the starch stored in the bark, therefore, seemed to have furnished the me- 
tabolized carbohydrate. It is possible that stareh is used more readily in 
respiration and anabolic processes than the free reducing sugars or sucrose. 
The replacement of sucrose by starch prior to active growth in spring would 
suggest that starch rather than sucrose was to be utilized as the immediate 
substrate. The identification of an active phosphorylase in locust) bark 
which converts starch to glucose-1-phosphate is consistent with this view. 


TABLE II 


VARIATIONS IN THE CARBOHYDRATES AND WATER CONTENT OF THE 
LIVING BARK OF ROBINIA DUE TO CHANGES IN TEMPERATURE. 
EXPRESSED AS PER CENT. OF DRY WEIGHT OF BARK TISSUE. 


Reduci , : a 
ucIng Sucrose Starch otal 
content 








% % % 


May 22, original 0.9 0 10.6 110 
June 22, 3°C storage 1.3 : 2 10.0 98 
2 
9 


June 22, 20 to 25°C storage 1.0 4.1 64 
June 22, normal tree 1.0 ). 4.9 164 








The variations in carbohydrate in the bark of the normal tree, exposed 


to approximately the same temperature conditions outdoors as prevailed in 
the laboratory, appeared to have followed a course from May to June simi- 
lar to those of the cut log stored in the laboratory. This similarity was more 
apparent than real. The bark of the normal tree was highly hydrated and 
also considerable radial and terminal growth with active deposition of wood 
had taken place in this tree in the interval from May to June. Thus the 
depletion of carbohydrate in this normal tree must have exceeded that of 
the stored log. However, assimilation in the normal tree, following emer- 
gence of leaves at this time, must have compensated for the extra depletion 
so that fortuitously similar levels for total carbohydrate were finally estab- 
lished on June 22 in the bark of the normal tree and in that of the eut log. 

In contrast to these results, the eut log transferred on May 22 to the 
refrigerator at + 3° C, where both respiration and growth were depressed, 
showed little depletion of carbohydrate but at the same time a very nearly 
quantitative replacement of starch by sucrose. The starch which was here 


apparently converted to sucrose had accumulated originally in the intaet 
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tree in May with a simultaneous decrease in sucrose. The reversibility of 
these transformations under the influence of temperature is indicated. The 
equivalence also of stareh and sucrose in these transformations both in nor- 
mal trees and in the eut logs would imply that direct interconversions of 
starch and sucrose may take place in the bark of the locust tree. 


TREES RINGED IN SUMMER AND FALL 


To determine the variations which occur in the carbohydrates as a result 
of impeded translocation, two 1.5-inch rings two to three feet apart were cut 
through to the wood of a number of trees at various times during the sum- 
mer of 1949. At intervals during several weeks new rings were cut two to 
three feet above the previous rings until some trees had as many as six rings, 
all on the straight portion of the trunk below the branches. Curris (7, 8) 
has shown that cutting the phloem arrests the transfer of carbohydrates and 
other organic nutrients, so that the seetions of living bark isolated between 
rings were deprived of fresh supplies of these nutrients. SwarBRick (31) 
noted that in apple trees, ringing injured only the very outer portions of the 
xylem so that water conduction was not impaired. In the locust on the other 
hand all but the newest annual xylem rings are plugged by tyloses (11) 


leaving much less functional xylem. Trees ringed after the middle of July, 


however, did not wilt and the moisture content of the bark above the rings 
was very similar to that of normal trees. Evidently sufficient new xylem 
had been laid down previous to this time to permit normal water movement 
past the rings even though the xylem at the point of ringing was exposed 
to the air. Partial yellowing and dropping of the leaves did occur in some 
trees, particularly in those in which ringing was initiated early in the sum- 
mer. The remaining leaves were healthy and green and did not wilt. Also 
photosynthesis in these leaves could not have been impaired because carbo- 
hydrates continued to aecumulate in the bark of the trunk above the rings. 

Samples of the bark were taken for carbohydrate analysis from the bark 
area near each ring, or from the ring itself, at the time of its excision from 
the trunk. In the ringing and cut log experiments, it is to be emphasized 
that differences in the analytical values existing at any time between sam- 
ples taken from different levels on widely separated parts of the trunk of 
an intact tree are never greater than the differences encountered between 
adjacent samples. Any differences which arise following the isolation of 
sections by ringing or cutting and which exceed the approximately 10% 
variation between adjacent samples must therefore be considered as signifi- 
eant and resulting from the isolation procedure. The analytical values 
found in the bark of samples near or from the first two rings represent nor- 
mal tree values at the time of cutting of the rings while the values found in 
the bark of samples taken near or from rings cut subsequently above the 
earlier rings on the trunk of the same tree indicated the extent of accumu- 
lation of carbohydrates in the bark that remained in phloem communication 
with the leaves. These analytical results are shown in table IIT, under the 


columns headed A. The trees were cut down and samples were taken again 
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TABLE Ill 


CARBOHYDRATE ANALYSES ON SECTIONS OF THE LIVING BARK OF RINGED 
ROBINIA TREES. SECTION 1 IN EACH CASE WAS ISOLATED ON THE 
TRUNK BY PLACING RINGS ABOVE AND BELOW IT ON THE DATE 
INDICATED. SUCCESSIVE SECTIONS WERE ISOLATED BY 
PLACING A SINGLE RING HIGHER ON THE TRUNK ON 
THE DATE GIVEN. ANALYSES OF THE SEGMENTS 
AT THE TIME OF ISOLATION (A) AND IN 
MID-NOVEMBER (B) ARE EXPRESSED 
AS PER CENT. OF THE DRY 
WEIGHT OF THE TISSUE. 
Reducing 
Section Date of sugar 
analyzed ringing —— 


A B 


Sucrose 
Tree 


2-R 
1.0 
August 24 1.0 
July 5 ee 
1.1 


0.8 
September 21]... 0.8 
September 8 «Cl 
September 2 0.9 
August 15 
July 25 


° : 
wet 


~ 
‘ 
= 
‘ 
= 
‘ 
= 
‘ 


September 2 
September 2 
August 24 
August 15 


October 6* 7 0.9 
September 9 7 0.9 
August 24 1.0 
August 15 0.9 

1.1 


0.7 ‘ 
September 21 0.7 0.8 5.8 : 21.9 17.4 
September 9 0.8 0.9 8.4 ‘ 3-4 19.2 14.7 
September2 0.8 1.0 10.0 4 165 11.5 
August 24 0.9 1.0 8.4 . Bec 12.6 10.0 
0.9 1.1 8.4 36: 12.6 11.0 





in the middle of November. Samples were taken from above the highest 
ring (crown), from below each ring, and from below the first ring (stump). 
The analyses of these samples are found in table III, columns B, and are 
listed beside the value of the corresponding sample taken at the time of 
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ringing so that the changes in carbohydrate between the time of ringing and 
November may be seen for each section of the trunk. 

SwarRBRICK (32) reported that starch accumulated rapidly above rings 
in apple trees if these rings were cut after the tree was in full leaf. Stareh 
also accumulated very rapidly above the rings in Robinia, and by late Sep- 
tember the crown of some ringed trees had 16% starch in the bark, as com- 
pared to 6 to 7% in normal trees at this time. The longer the duration of 
the period of communication of a section with the leaves before being cut off 
from above by a new ring the greater was the accumulation of stareh in the 
section. The accumulation, therefore, was most marked in the crowns and 
upper sections of the trunk. 

The sucrose in the bark of areas above newly cut rings in some cases 


increased during the first week or two after ringing, but after this period a 


decline was observed. The amount of reducing sugar above the rings always 


decreased after ringing but the difference was slight and similar to that 
which occurred in normal trees during this period. The total carbohydrate, 
largely in the form of starch, was always much greater above the rings than 
in normal trees, 

One of the primary effects of the ringing in summer when the trees were 
in full leaf was the abnormally high accumulation of carbohydrate in the 
bark above the rings. In the seetions which remained longest-in phloem 
communication with the erown, starch beeame the major storage carbohy- 
drate instead of sucrose. Another effeet in the isolated sections was to pre- 
vent any loss or gain of carbohydrate by translocation through phloem to or 
from the leaves or root subsequent to the time of isolation. Any fluctuations 
which occurred therefore in the carbohydrates of these sections were due 
either to inter-transformations within the existing carbohydrates or to losses 
entailed by respiration, diffusion into the wood, or conversion into carbo- 
hydrates not ineluded in the analysis. It is evident generally in the results 
shown in table IIT that ringed sections did contain less total carbohydrates 
in November than when the rings were cut, though differentiation between 
transpirational and other possible pathways of these losses is not clearly 
indicated in the analyses. 

The most conspicuous changes observed in a number of the later ringed 
sections were those involving the replacement of the accumulated starch by 
sucrose. For example, the bark of the section ringed October 6 of the no. 
5-R tree contained 160 starch on October 6 and 5.38% starch on November 
17 while the sucrose content increased from 5.4 to 11.4%. A striking illus- 
tration Was therefore provided, in these ringed sections, of the simultaneous 
decrease in starch and inerease in sucrose as induced by low temperatures. 
However, the conditions required for such transformations to be readily 
observed, even in ringed trees, were established in only a limited number of 
sections. The conditions required were, first, the total carbohydrate level 
in the bark at the time of ringing had to be in considerable exeess of the 
amount which would subsequently be lost by respiration or diffusion prior 
to the onset of cold weather and, secondly, this carbohydrate had to be pres- 





SIMINOVITCH ET AL. CHEMISTRY OF LIVING BARK 395 


ent, initially, largely in the form of starch rather than sucrose. In normal 
trees, Where sucrose is the major storage carbohydrate, a maximum level of 
10 to 12% sucrose is attained in September. This appears to represent a 
physiological limit for suerose concentration in the bark of normal trees. 
Any excess is lost by diffusion into adjacent wood or by conversion to other 
and undetermined carbohydrates. Thus, beeause this excess sucrose is not 
retained in the tissue, starch to sucrose conversion in normal trees Was ob- 
served in only one instance. A similar limit seems to have been established 
in the sections of ringed trees. In no case Was a sucrose level greater than 
12.5% encountered. Because of the predominant storage of starch rather 


than sucrose in these ringed trees, however, the levels of sucrose were initially 


low enough to afford ideal circumstances for the conversion of starch to 
sucrose to be detected, in spite of any losses of total carbohydrates which 
occurred at the same time. Thus the increase in sucrose at the expense of 
stareh occurred in those bark sections which, having been early intercepted 
from below by rings but not from above until much later, had accumulated 
total carbohydrates in considerable excess over that present in normal trees 
and which had also stored this carbohydrate in the form of stareh rather 
than sucrose. 

The basal sections of the ringed trees (below the first rings), which were 
cut off from the leaves but not from the roots, in many cases contained more 
carbohydrates in November than when the rings were cut. They also con- 
tained more carbohydrates at this time than the first ringed section of the 
bark above them which had been eut off from the crown and leaves at the 
same time. The final concentration of carbohydrate Was remarkably uni- 
form in almost all of these basal sections, ranging between 9.2% and 11.4% 
in 11 of 12 ringed trees regardless of whether the rings above them had been 
eut in July or late August. The carbohydrate in these basal sections may 
have been derived either from adjacent trees via interconnecting root sys- 
tems (which is often observed in locust clones) or from carbohydrate stored 
in the roots. 


TREES RINGED IN WINTER 


The effects of cutting the rings in winter on the subsequent transforma- 
tions which occur in the carbohydrate constituents of the bark of the locust 
tree were also examined. Two trees were doubly ringed in the late winter 
of 1950 and the results of analyses for carbohydrate in samples of the bark 
tuken from above and below the rings at the time of ringing and also later 
on June 23 are shown in table IV. These trees were ringed long before any 
radial or terminal growth was initiated. If the previous year’s xylem had 
become plugged with tyloses as is reported to occur in the locust (11) ring- 
ing of the bark would not only arrest translocation in the phloem but would, 
by destruction of the cambium at the points of ringing, prevent the forma- 
tion of new xylem and thereby impede the normal upward transport of water 
in the trunk from the roots. This was indeed indicated by the results of 
the moisture determinations made on these ringed trees, as given in table IV. 
The bark of those parts of the trunk situated above the rings had, in June, 
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TABLE IV 


CARBOHYDRATE AND MOISTURE ANALYSES ON SECTIONS OF THE LIVING BARK 
OF ROBINIA TREES AT THE TIME OF AND FOLLOWING DOUBLE RINGING 
OF THE TRUNKS IN WINTER. ANALYSES ARE EXPRESSED 
AS PER CENT. OF THE DRY WEIGHT OF THE TISSUE. 


Reducing . , . late 
‘ 8 Sucrose Starch lotal Water 
Sugar content 


% 6 % 
8=K tree 
March 3, 1950, ringed 2.3 7.8 86 
June 23, 1950, above rings 9.6 ‘ 12.0 86 
June 23, 1950, between rings 3.3 3.1 6.9 84 
June 23, 1950, below rings 1.: 2.8 8.8 145 
9-R tree 
February 6, 1950, ringed 3.2 9.6 0.1 12.9 119 
June 23, 1950, above rings 0.9 6.1 1.3 8.3 63 
June 23, 1950, below rings 1.3 1.9 4 7.6 151 
4.9 164 


June 23, 1950, normal tree 1.0 3.0 0.9 


a much lower water content than normal trees at this time. The effects, 
then, which were observed on these trees in late spring and early summer, 
of being ringed in winter could be traced in part to the restrictions in water 
supply. Budding and eambial division and the growth of new wood which 
normally follow these processes was completely arrested in the crown and 
trunk of the tree above the rings. As a result, the carbolivdrates in these 
sections were not depleted to the extent that they were in normal trees at 
this time. In addition even at the high temperatures prevailing in June, 
little or none of the normal replacement of sucrose by starch had occurred 
although a good supply of suerose had been retained. It is thereby indicated 
that initiation of budding, cambial division and the process of apparent con- 
version of sucrose to starch in the locust are not only dependent on tempera- 
ture but also on the state of hydration of the tissues It is implied therefore 
that the enzymatic systems in the intact cells whieh are involved in these 
processes are dependent on the state of hydration of the cell as well as on 
the temperature and that the activity of water in the cells may be a factor 
in the regulation of these systems. It is of interest that in the bark of the 
basal sections below the rings, which had a high but normal water content for 
that time of the year, a considerable decrease in sucrose and increase in 
starch had taken place. At the same time normal cambial division had been 
initiated and some new wood formed. However, the extent of formation of 
new wood and of depletion of total earbohydrate in these basal sections were 
not so great as in the bark of normal trees at this time even though their 
water content Was comparable to that of normal trees. For unknown reasons 
some delay of the normal seasonal processes lad occurred even in these 
basal sections because of the rings above them 

The results obtained in this investigation indicate that the principal vari- 
ations in the carbohydrates of the living bark of the black locust (Robinia) 


tree can be accounted for on the basis of variations in stareh and sucrose. 
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The seasonal variations in the total amounts of these carbohydrates stem 
from the seasonal periodicity in assimilatory and growth activity of the tree 
in that these processes determine the extent to which these carbohydrates 
will be accumulated in the bark after translocation from the leaves or be 
consumed as energy sources in respiration and as precursors in the synthesis 
of other carbohydrates such as cellulose. The preferential utilization of 
starch rather than sucrose as the immediate metabolic substrate in the bark 
tissues is indicated. 

The variations in the relative proportions of the stareh and suerose in 
the bark tissue are apparently due to a process of interconversion and must 
be mediated by reversible enzymatic reactions which are controlled in some 
way by temperature and to some extent also by the degree of hydration of 
the tissue. The synthesis of stareh from sucrose is favored by high tempera- 
ture and the reverse reaction is favored by low temperature. [t is not known 
Whether more than one enzyme is involved in these reactions because the 
process of interconversion has not been achieved in vitro. It is also not 
known whether simple hexoses or phosphorylated hexoses are intermediates 
in the conversion. However, the variations in starel and sucrose which are 
observed in the bark in some instances where growth is at a minimum (early 
spring and late fall) or where translocation and accumulation are eliminated 
(cut logs and ringed trees) are such as to indicate that the degree of these 
conversions is considerable and in some cases almost quantitative. The 
hypothesis may be advanced that a process of direct conversion of sucrose 
to starch, and perhaps starch to sucrose as well, operates in the bark of the 
locust tree, though the latter process appears less plausible on energetic 
grounds. An enzyme capable of converting sucrose to starch has been ex- 
tracted from bacteria (15). The studies of Bois and Naprau (4, 5) would 
indieate that sueh a direct conversion process operates in the sap of the 
sugar maple although others have not been able to confirm their work (12). 
Kursanov and Paviinova (20) have reached the conclusion that the nearest 
precursors of sucrose in plants are not phosphorylated sugars nor glucose 
and fructose but compounds with 14 a-glucoside linkages such as maltose, 
dextrins, and stareh. The results reported in the present paper could yield 
support to their contention. 

The mechanism whereby temperature controls the direction of these con- 
versions in the bark of the locust is obscure. ARREGUIN and Bonner (1) 
have investigated the mechanism of stareh-sugar transformations in the 
potato as influenced by temperature and presented evidence that these proc- 
esses are controlled through the action of a stareh phosphorylase inhibitor 
which is elaborated in the potato tissue at higher temperatures 


Summary 


Sucrose and stareh are the principal storage carbohydrates in the living 


bark of the black locust. Both carbohydrates are ce pleted in late spring by 


the flush of new growth. Sucrose begins to accumulate again shortly after- 


wards and reaches a maximum in late summer. Starch does not appear in 
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the bark as a storage product until late in the summer and reaches a maxi- 
mum in early fall but the maximum content is not as high, in normal trees, 
as is that of sucrose. Starch disappears with the coming of cold weather in 
late fall but sucrose is retained in high concentration throughout the winter. 
In the instance of one intact tree where sucrose accumulation was abnor- 
mally low, it Was found that the disappearance of stareh is accompanied by 
a concomitant rise in sucrose concentration. 

With the advent of warm weather in early spring and prior to initiation 
of growth, sucrose appears to be quantitatively converted into stareh. This 
conversion occurs only when the daily temperature has a minimum above 
0° C. Artificial appheation of sustained low temperature (3° C) to bark 
tissues at this time causes the starch to be converted quantitatively back 
to sucrose 

fedueing sugars are present im low amounts throughout the year, reach- 
ing a maximum in late winter. Fructose is absent in late spring during the 
period of most active growth. 

Trees ringed in summer accumulate much more carbohydrate in the bark 
above rings than do normal trees at this time and, in contrast to normal 


trees, this excess carbohydrate is present largely in the form of stareh rather 


than sucrose. With incidence of low temperature in autumn a readily ob- 


servable conversion of the starch to sucrose occurs in the later ringed sections 
of these trees, 

Sections above rings of trees ringed in winter show no signs of radial or 
terminal growth in spring. They do not become hydrated as do normal bark 
tissues at this time and their carbohydrates are not so radically depleted, 
The carbohydrates are retained in the form of sucrose and little or no con- 
version of this sucrose to starel is observed even at the higher temperatures 
prevailing at this time. 

These observations on seasonal and unseasonal variations in the earbo- 
hydrates of the black locust suggest that a temperature-sensitive and re- 
versible enzymatic process Is Operating In the bark of the tissue of this tree 
which determines the direct conversion of sucrose to starch and perhaps of 
starch to sucrose as well. It is also indicated that this process may be 
dependent on the state of hydration of the cells of this tissue 


The authors wish to thank the Herman Fraseh Foundation for Chemical 
Research for a grant of funds in support of studies on winter hardiness in 
plants. The present paper covers a part of this study 
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The technique of partition chromatography on paper has given a new 
tool for the identification of constituents of the soluble nitrogen fraction of 
plants (8, 18). It is not surprising therefore that hitherto unrecognized 
amino compounds are now being revealed by its aid (10, 12, 15, 26, 27). 
Among the amino acids now known, or believed to occur free in plants, are 
some Which have been recognized by partition chromatography on paper 
(e.y., B-alanine). 

Although y-aminobutyrie acid has long been considered to be a metabo- 
lite of bacteria (1, 2, 3), it was the advent of paper chromatography that 
revived interest in this substance and stimulated work which has led to its 
recognition as a constituent of higher plants and animals. Following the 
first references to this substance as a constituent of the potato tuber (8), 
it has now been reeognized in, and in fact isolated from, the tissue of the 
beet root (26), from yeast (15), from brain (4, 25), and from rye grass (21). 

The first complete examination of a plant tissue by two-dimensional 
paper chromatography for the amino acids was made by Den’ et al. (8) on 
alcohol extracts of the potato tuber. In this first examination, an unex- 
pected range of the known amino acids Was revealed as existing free in the 
tissue, and there were also several substances, then unidentified, which re- 
acted with minhydrin. One of the most prominent of these was an acid, 
no. 23, Dent ef al. (8), which appeared on the two-directional phenol : colli- 
dine-lutidine chromatograms in a position immediately below that of valine. 
Almost at the outset, it Was suspeeted that the substance which oeeupied the 
position below valine was y-aminobutyriec acid (AB), because known AB 
occupied the identieal position. More definite proof of the identity of this 
acid in the potato Was announced by Srewarp et al. (19). 

Analysis by the quantitative paper chromatographic method of potato 


tuber tissue shows that the acid now known to be y-aminobutyrie acid is an 


lmportant constituent of the aleohol-soluble nitrogen of the tissue. Repre- 
sentative analyses have already been published (19, 22) which show that 


1 Present address: U.S. Plant, Soil, and Nutrition Laboratory, Cornell University, 


Ithaca, New York. 
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the acid in question forms a considerable part (307) of the total aleohol- 
soluble nitrogen and, excluding the amides glutamine and asparagine, is one 
of the amino acids present in largest amount (11% of the soluble nitrogen). 
Of the free amino acids, only arginine contributes more nitrogen to the solu- 
ble fraction than AB. 

Various kinds of presumptive evidence lead to the identification of spot 
no. 23 of Dent et al. (8) as AB. Synthetic AB added to potato extracts 
accentuates the AB spot and shows no sign of being resolved during two- 
directional chromatography. If the area occupied by AB is removed and 


the acid extracted, the isolated material chromatographs exactly as does 


hie 1 \ Phe nol-collidine chromatogram of soluble nitrogen compounds ol potato, 


B. Phenol-collidine chromatogram of soluble nitrogen compounds of potato in the pres- 


ence ob copper carbonate 


known AB in one-directional or strip chromatograms using a variety of dif- 
ferent solvents such as collidine, phenol, butanol, ete. Also, mixtures of 
known AB and the isolate are not resolvable by chromatography on paper. 
If CuCOs is added to the paper along the route taken by the nitrogen com- 
pounds moving in phenol, then the amino acids which can form complexes 
with copper are immobilized and do not move to their customary positions 
when chromatographed with collidine-lutidine (7) in the direction at right 
angles to phenol. Figure 1A shows a normal chromatogram of the solu- 
ble nitrogen compounds in potato and figure 1B oa chromatogram in which 
all the compounds containing a-amino groups have been immobilized and 
coupled to copper. Only two compounds remain mobile in collidine-lutidine 
and react with ninhydrin. These compounds are B-alanine and AB. 
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On being warmed with urea AB forms a ureide which will reaet with 
paradimethylaminobenzaldehyde (DMAB) to give a colored compound. 
Ureides react to give a yellow-orange color while urea gives yellow. The 
ureide formed by the material as isolated from potato on the papers echroma- 
tographs in different solvents in a manner identical with known AB, and 
mixtures of the two cannot be resolved (19). The ureide reacts rather 
weakly with ninhydrin and presumably has the following constitution in 
which the reactive groups are designated. The analogy with citrulline (a 
naturally oceurring ureide) will be obvious. 


y-aminobutyric acid: HOOC—CH,—CH,—CH,—NH, 


ureide from AB: HOOC—CH,—CH,—CH, —NH—-C—NH, 
\ 
DMAB reactive group 


citrulline: HOOC—CH—CH,—CH,—CH,—NH—C—NH, 


NH, 
* 


ninhydrin reactive group 


Kvidence of the kind indicated above is very strong. Final proof, how- 
ever, requires the isolation of the chromatographically pure acid from the 
tissue and some attempt to show, by methods independent of chromatog- 
raphy, that the acid as isolated is identical with the synthetie material. 
Attempts were made therefore to isolate pure AB from potato tubers and 
to obtain crystalline preparations and x-ray diffraction patterns to compare 
with those of the known material. In the interim, evidence for the sue- 
cessful accomplishment of the isolation from yeast had been presented by 
others (15). 

The first attempts to prepare AB from potato tuber, by methods very 
similar to those which were successful on yeast (15), resulted in a product 
which, though clearly rich in this substance, yielded a glassy material from 
which erystals were very difficult to obtain. One of the pitfalls in paper 
chromatography is that some quite unrelated substances do overlap. In 
fact, it is now known that, under the chromatographic conditions used here, 
AB and é-aminovaleric and f-aminoisobutyrie acids are almost exactly 
superimposable. It quickly became clear that the difficulty of crystallizing 
the isolated AB far exeeeded that of obtaining crystals of the synthetie sub- 
stance, even when they were both present in comparable amounts. X-ray 
diffraction patterns of the erystals, so obtained, were similar to those of pure 
AB but were not exactly identical with them (fig. 2). For this reason, the 
full deseription of the isolation of a pure product from the potato tuber has 
been deferred until this question could be finally resolved. 

Synthetic AB is most conveniently prepared from the corresponding 
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lactam which yields AB when it is hydrolyzed by the method of DeWrr1 


(9). However, methanol and water make a better solvent for the final ervs- 


tallization than ethanol and water. When pure, AB does not readily form 
the lactam unless it is heated above the melting point. It is stable and may 
be dissolved in water, crystallized and chromatographed without apparent 
loss. 

The isolation from commercial yeast extract by Reep (15) was earried 
out in a large part by partition chromatography on starch, subsequent to the 
isolation by paper chromatography. The successful isolation from an aque- 


hic. 2.) Left, x-ray diffraction pattern of synthetic y-aminobutyrie acid; right, x-ray 
diffraction pattern of the isolated material. A small cireular disk opening, 0.5 mm 
diameter, was fitted on a pin hole system of a universal diffraction camera. <A flat 
photographie film was rotated about the axis of the central x-ray beam. Distance from 


specimen to emulsion, 5 em.; Cu target; Ni filter; time of exposure, eight hours 


ous extract of beet roots (26) was carried out mainly by the use of specified 
ion exchange resins. By similar methods, HutMe and ArTHINGTON (12) 
obtained a product from apples which was chromatographically identical 
with AB. The isolation from brain (4) utilized an alcohol extraet whieh 
was subsequently fractionated on a starch column and, although enough of 
the free AB for reerystallization was not obtained, a satisfactory product 
was isolated as a silver salt. The isolation from rye grass by Synce (21) 
adopted a novel procedure. Using Chibnall’s procedure of eytolyzing leaves 
in aqueous ether, a pressed, filtered, juice was obtained. This juice was 
dialyzed, and the dialyzate subsequently fractionated by electrodialysis 
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which enabled the bulk of the a-amino acids to be separate d trom the others. 
By utilizing the differential rate of movement of the amino acids in siliea 
gel under the influence of an apphed potential, still further purification of 
the amino acids which have terminal amino groups (AB and @-alanine) was 
achieved. The final isolation utilized partition chromatography on a cellu- 
lose column with butanol-acetic acid and water as the solvents. By these 
various procedures, AB was isolated in widely different amounts. In fact 
only the procedure of WestTaL. (26) which yielded 3 gm. of AB from beet 
tissue, furnished more than minute amounts (less than 100 ig.) of the final 
product. 

It was thought that the protem synthesis which oceurs when potato slices 
are exposed to aerated solutions of potassium chloride (17, 20) caused a 
relatively greater decrease in the other amino acids than in AB so that the 
earliest attempts to isolate this material were made on disks which had 
been so treated for some two to three days. The value of this step is now 
questioned, 

Papers were heavily loaded along one edge with the evaporated aleohol 
extract of potato tissue and, after chromatography in one direction (phenol), 
the strip of paper containing the AB was removed and extracted. The pro- 
cedure Was repeated using the second solvent (collidine-lutidine). In this 
way AB was prepared free from other ninhydrin reactive substances. The 
amino acids known to be in the tissue and which are the most likely eon- 
taminants of AB isolated by this procedure are methionine sulphoxide and 
B-alanine. The é-aminovalerie acid or B-aminoisobutyric aeid, if present in 
the tissue, would also accompany the AB. Although solutions were obtained 
in which there were 25 to 50 mg. of AB, these did not readily yield erystals. 


On the contrary, the material so isolated showed a strong tendency to set 


toa glass. This result raised the question whether the chromatographically 
pure substance free from other known ninhydrin reactive material Was in 
fact a single substance. This question prompted the isolation of AB on a 
larger seale and for this purpose the paper method was not suitable 

Bulk isolation of the amino acids using the mercuric acetate procedure 
of NeuBerG and Kerp (14) was not particularly successful because the AB 
Was even less completely precipitated than the other amino acids. Further 
trials were made by hydrolyzing the amides in an aqueous extract of potato, 
removing the dicarboxylic acids as their barium salts and then subjeeting 
the remainder to partition chromatography on starel columms using an 
automatic fraction collector. Even by these means the yield was very un- 
satisfactory and the purity of the produet was still open to question. The 
crystals, obtained with difficulty from the glassy material mentioned, yielded 
the x-ray diffraction patterns shown in figure 2, and these contained lines 
not attributable to AB. 

It is still difficult to understand why these procedures did not isolate a 
pure product in good yield. It ean only be surmised that some other produet 
in the potato accompanied the AB through the various procedures and this 
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material, present in the final product, accounted for the difheulty in erystal- 
lization In these circumstances an entirely new approach Was devised 
which clearly has merit in that it may be of general application to the 1so- 
lation of amino acids which are not a-amino acids. The procedure requires 
ho specialized equipment and is simpler than that of SyNcr (21). 


Materials and methods 
[ISOLATION OF AB FROM POTATO TUBER IN BULK 


Using the method described below, nearly 4 gm. of chromatographically 
pure AB was isolated from approximately 13 kilograms of potato tubers. 
The potato tubers were ground in water in a Waring Blendor, the extract 
was filtered free from starch and heated to coagulate the protein which was 
then removed. The solution was concentrated by boiling and boiled with 
acid to hydrolyze the amides. At this point, analysis showed that the ex- 
tract contained about 8.9 gm. of AB. Free acid (HCL) was removed from 
the concentrated aqueous extract by repeatedly passing it through an 
acid-binding amberlite resin (IR-4B of Rohm and Haas) until the solution 
became alkaline (pH 8.5). The mixed amino acids passed through the 
column but were accompanied by sugars and most of the soluble products 
of the tissue. Some of the dicarboxylic acids but none of the monocarboxylic 
acids remained in the column. A cation binding resin (amberlite IR-120H 
of Rohm and Haas) was next used to obtain a clean cut separation of the 
amino acids from all the non-ionizable materials. To do this, the amino 
acids were absorbed on the resin, whieh was thoroughly washed with water, 
and then the amino acids were eluted with approximately 3.V) ammonia 
Until this point no appreciable enrichment of AB had oceurred. Excess 
ammonia Was removed by boiling, and the total extract was concentrated to 
about 500 ml. At this stage, the extract contained some 5.8 gm. of AB the 
remainder presumably having adhered to the columns; thenceforeward the 
yields were very nearly quantitative. To reduce the contamination of the 
sample with glutamie and aspartie acid, the sample was passed again 
through the acid-binding resin (IR-4B) which allows the monocarboxylic 
acids to pass through. At this stage the solution still contained some aspar- 
tie and glutamie acid and the remainder of the original amino acids of the 
tissue. It was freed from ammonia by making it slightly alkaline and 
boiling. 

The special step now adopted utilized the property by which the material 
in the tissue was shown not to be an a-amino acid, ve., by its failure to form 
a complex with copper so that it remains mobile when the a-amino acids are 


immobile (7). To achieve this end in a manner that allowed relatively large 


amounts of material to be dealt with, a special absorption column was pre- 
pared as follows. Basic copper carbonate (azurite), dried and powdered, 
was mixed with three times its weight of activated alumina (80 mesh) as sup- 
plied by Aluminum Company of America. This material was packed dry 
into three columns, approximately 200 em. long by 4 em. in diameter. The 
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amino acids were put on the column in aqueous solution, and the solution 
Was run successively through three columns until all of the characteristic 
blue color of the copper complexed amino acids remained on the column. 
At this stage the effluent was slightly green due to copper salts. After re- 
moving the copper with H.S the only ninhydrin reactive material deteeted 
by chromatography in the extract was AB. After most of the AB was erys- 
tallized out, traces of other acids were detected in the concentrated residues. 

The coneentrated solution containing AB was dried, treated with cone. 
HCl, which dissolves the AB acid but not the sodium chloride whieh had 
been added during the preparation. Activated charcoal removed colored 
material, and the final solution was evaporated to a syrup which erystal- 
lized. The crystals of the hydrochloride of AB were separated on sintered 
vlass, dried, and treated in solution with silver oxide to remove chloride and 
with H.S to remove silver. Reerystallization was carried out by adding a 
1:1 mixture of ethanol and methanol to a concentrated aqueous solution. 
This procedure yielded a total of 4 gm. of AB, from whieh 1 gm. of purified, 
twice recrystallized material for ultimate analysis was prepared. 

The method described above by which a-amino acids are combined with 
copper and separated from other amino acids by chromatography on mixed 
columns of copper carbonate and alumina clearly has novel features that are 
of more general application. In considering the further use of this proce- 


dure several points may be made. The copper complexing reagent should 


be an integral part of the column, 7.e., one cannot achieve the same end by 


preparing the complexes and then chromatographing these on alumina alone, 
for the copper complexes will decompose (5). Alternatives to alumina may 
be found; Fuller's earth ean be used; silica gel was not effective. Under the 
circumstances deseribed a-imino acids, such as proline, adhere to the column 
but not so tenaciously as the a-amino acids. B-alanine does not form a com- 
plex with copper as readily as the a-amino acids, but it does appear to 
adhere to the column more readily than does AB. This would seem to offer 
a means of separation of a, B, y, 8, ete., amino acids. On washing a column 
with its adherent amino acid-copper complexes, it is the more acid amino 
acids that are first removed. No doubt further fractionation could be ob- 
tained by this means. The performance of the copper carbonate-alumina 
column may be indicated by the following data. Depending on the pH of 
the solution 1 gm. of alumina will absorb 0.92 to 1.5 mg. of a-amino nitrogen 
in the form of the copper complex at pH 4 and 9 respectively. 


Results and discussion 
In determining the purity of the isolated y-aminobutyric acid, several 
tests were made. Synthetic AB melted sharply at 192 to 198° © uneorr. 
The isolate from potato tuber melted at 194 to 195° C, and the mixture of 
synthetic and isolated material melted at 193 to 194° © 
Through the courtesy of the Grasselli Chemicals Department of the 
Du Pont de Nemours Co., the following ultimate analysis was obtained: 
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% C %H % O by diff. %N 
AB isolated 46.25 8.49 13.31 
46.26 8.71 31.69 13.39 
AB calculated 46.59 8.80 32.03 13.58 


Under the standardized conditions for the quantitative ninhydrin deter- 
mination which have been deseribed (23, 24) the isolated AB behaves com- 
parably with the synthetic substance. Samples were dissolved in water and 
treated on paper with ninhydrin. The blue material was dissolved in 10 ml. 
of a 1:1 mixture of alcohol and water. The density was read at a path 
length of Lem. at 570 mp. The optical density for 10 pg. of isolated AB was 
O.189 and that for 10 pg. of synthetic AB was 0.184 

It will be reealled that the earlier attempts to isolate AB from potato 
tuber vielded it produet in Which there were lines in the X-Tay diffraction 
pattern that were not attributable to AB (fig. 2). Particular interest there- 


fore attaches to the re-investigution of the pure product from the bulk iso- 


if 4 Hi 


kia. 3 Above x-ray diffraction pattern of is olated y-aminobut vr wid: below, 


x-ray diffraction pattern ot the svnthetie material Standard evlindri il 104 mm 


diameter) Powder camera; copper Ko radiation with Ni filter; time of exposure, three 


hours 


lation deseribed above by X-ray methods This work Was carried out by 
Dr. H. Mermagen of the University of Rochester, N. Y., whose results are 
shown in figure 38. The x-ray diagrams of the synthetic and isolated mate- 
rial are identical. The evidence is conclusive that pure AB has been isolated 
from from the potato tuber. 

After isolation of the erystalline AB from the potato, the mother liquor 
yielded, on evaporation, a considerable amount (2.2 gm.) of a syrupy mate- 
rial which formed an amorphous glass on removal of water. Presumably 
this product eaused the principa! diffleulty in the first attempts to prepare 
pure AB from potato tubers. The full list of tests and determinations made 
on this substance cannot be given here. At least 50 of the weight of the 
glass must have been nitrogen free and its nature is still unknown 
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Although AB has never been encountered in protein hydrolytic produets, 
‘'t is extraordinarily widely distributed in plants. In fact a plant material 
in Which AB was absent would oceasion more surprise in this laboratory 
than would a further instance of its presence If alanine, aspartie and 
glutamic acids are regarded as the amino acids that are most prevalent in 
plants, then AB clearly falls into the same class. Since its first recognition 
in the potato tuber (8) a very large number of different plant extracts have 
been examined. In all of these AB was recognized chromatographically. 

Evidence for the occurrence in lower plants is fragmentary. Mention 
has already been made of the isolation of AB from yeast extract (15) and 
to its production by baeteria (1, 2. 3). Work hinas re porte d its occurrence in 
Corynebacterium diphtheriae (21). The occurrence of AB in the fruiting 
bodies of Agaricus campestris and Ganoderma Tsugae (on hemlock), in the 
plasmodium of an unidentified slime mold, in Chlorella pyrenoidosa and in 
Adiantum pedatum and Adiantum cuneatium has been noted in this labora- 
tory. More extensive observations on the angiosperms have shown that AB 
Is generally present, Table I gives a list of the 28 angospernis belonging to 
14 families and 21 genera in which AB has been recognized. It should be 
emphasized that in most cases the recognition is chromatographic, 1e., super- 
imposition of synthetic AB with the unknown in two or more solvents by 
paper chromatography. However, in view of other evidence, there is little 
reason to doubt that these identifications are correct 

The problems of mode of origin, metabolic role and possible connection 
of AB with nitrogen metabolism can only be raised in a speculative way. 
The most obvious presumption is that the AB acid arises by decarboxylation 
of glutamie acid and reference has been made to the work of ScHALES ef al. 
(16) who has studied glutamic acid deearboxylase activity in a number of 
plants. However, there is no apparent correlation between the decarboxyl- 
ase activity of a tissue and its content of AB. For example, the deear- 
boxylase in carrot root tissue is relatively active, in potato tissue it is rela- 
tively Inactive which the following data show is no indication of the AB 
content. In carrot root the glutamic acid decarboxylase activity is 222 mg. 
CO. in 30 mm." gm. fresh tissue (16) and the AB content is 135 pg. gm. 
while in potato tuber the glutamic acid decarboxylase activity is 18 mg. COs 
in 80 mm.* gin. fresh tissue and the AB content is 800 pg. gm. Admittedly 
data of this kind do not disprove the possible origin of AB in the manner 
indicated, Origin in this way, however, would almost certainly demand 
recarboxylation before the acid eould be used in metabolism. Another possi- 


ble route of synthesis would be by amination of the corre <ponding keto acid, 


ne., suceinie acid semi-aldelivde. For this possibility there is, at present, no 
evidence. If, however, the keto acid could arise as an intermediate of 
metabolism there would be a possible route to glutamie acid via AB. In 
other work in this laboratory involving the im vitro conversion of a-keto- 
glutaric acid to glutamic acid, through the oxime or hydrazone, it has been 


found that glutamic acid is invariably ACCOMM ATe d by y-aminobut vrie acid, 





PLAN'I 


Plant 
Corn (Zea mays) 
Rye grass (Lolium perenne L..) 
Onion (Allium cepa) 
Tulip (Tulipa gesneriana) 
Asparagus (Asparagus officinalis) 
Daffodil (Narcissus pseudo- 

narcissus) 

Rhubarb (Rheum rhaponticum) 
Beet (Beta vulgaris) 
Avocado pear (Persea americana) 
Turnip (Brassica napus) 
Apple (Pyrus malus) 
Apricot (Prunus armeniaca) 
Pear (Pyrus communis) 
Prunes (Prunus domestica) 
White lupine (Lupinus albus) 


Snap bean (Phaseolus vulgaris) 
Wax bean (Phaseolus vulgaris) 
Lima bean (Phaseolus limensis) 
Pea (Pisum sativum) 

Carrot (Daucus carota) 

Lilac (Syringa vulgaris) 
Peppermint (Mentha piperita) 
Tobacco (Nicotiana tabacum) 


Green pepper (Capsicum 
frutescens) 
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TABLE I 


OCCURRENCE OF y-AMINOBUTYRIC ACID IN ANGIOSPERMS. 


Family 
Gramineae 
Gramineae 
Liliaceae 
Liliaceae 
Liliaceae 


Amaryllidaceae 
Polygonaceae 


Chenopodiaceae 


Lauraceae 
Cruciferae 
Rosaceae 
Rosaceae 
Rosaceae 
Rosaceae 
Leguminosae 


Leguminosae 
Leguminosae 
Leguminosae 
Leguminosae 
Umbelliferae 
Oleaceae 


Labiatae 


Solanaceae 


Solanaceae 


Hubbard squash (Cucurbita maxima) Cucurbitaceae 


Summer squash (Cucurbita pepo) 


Cucurbitaceae 


Relesence 


Plant part 


Fruit 

Leaf 21 
Bulb 

Leaf and bulb 

Shoot 


Bulb 

Petioles 

Storage root 

Fruit 

Storage root 

Fruit and leaf 

Fruit 

Fruit 

Fruit 

Leaf, stem and 
root 

Fruit, flower and 
leaf 

Fruit 

Fruit 

Fresh and dry 
seeds 

Xylem and phloem 
of storage root 

Growing plant and 
shoot 

Leaf, stem and 
root 

Leaf, root and 
axillary buds 


Pericarp 
Pericarp and 

seeds 
Fruit 








—_ 


which arises apparently by decarboxylation of the a-ketoglutarate during 
If deear- 
boxylation ean also oceur in vivo under similar circumstances it) might 


the combination of the keto group with the nitrogen compound 


explain the origin of AB as a by-product of a-ketoglutarate metabolism. 
y-Aminobutyrie acid itself does not occur combined in protein. It is 
important, however, to know whether the nitrogen of the free acid may 
eventually be incorporated in protein. Since, in the potato, the amides 
asparagine and glutamine predominate over the AB, conclusive evidence is 
not easy to obtain. The present status of our evidence on this matter Is as 


follows. When cut potato tissue Is exposed to moist alr, protein synthesis 
occurs at the expense of the soluble nitrogen, a fact known since 1901 (20, 


28). 


33°° of the total to 62° while they were exposed to moist alr tor a period 


In a given case the protein nitrogen of potato disks increased from 
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of 21 days. Using the quantitative procedures developed in this laboratory 
(23, 24). it was possible to demonstrate that an increase otf protem nitrogen 
from 1.08 to 1.33 mg. N, gm. fresh weight in potato tissue exposed to air Was 
largely at the expense of the amides present, but was nevertheless aecom- 
panied by a decrease in AB from 66 to 58 pg. gm. fresh weight. 

In other work from this laboratory carrot tissue has been cultured by the 
aid of a growth factor in coconut milk (6) and shown to synthesize protein 
(17). An attempt was made to see whether this tissue would form protein 
at the expense of AB as the sole source of nitrogen. To this end, a culture 
solution Was used in which nitrate and glycine were replaced by AB, and the 
growth factor for coconut milk was added as an isolate free of ninhydrin 
activity. [tis true that the tissue grew better in the solution containing the 
AB than when AB was omitted: the explants weighing initially 3.0 mg. in- 
creased to 10.6 + 3.2 mg. at the expense only of their own nitrogen com- 
pounds whereas with added AB, and in the same period, similar cultures 
grew to 24.5 + 2.5 mg. It was not, however, established that any part of 
the increase of insoluble nitrogen that occurred was actually at the expense 
of the nitrogen present in AB. On the contrary it is a feature of these tissue 
cultures that they contain more AB, though less soluble nitrogen, than the 
resting tissue from which they were derived. In an experiment designed to 
test whether Chlorella could use AB as sole source of nitrogen a negative 
result was obtained. The conclusive evidence to show that nitrogen present 
originally as AB can, or cannot, appear in protein lias still to be obtained. 

There are, therefore, still two alternatives. Either AB is an end produet 
of glutamie acid metabolism and its nitrogen is therefore removed from the 
main stream of metabolism, or else, it is an intermediate through which the 
nitrogen is continually Passing. The ubiquitous presence of AB in plants In 
small amounts, the relatively greater quantity present in certain growing 
tissues, Its presence even in the growing apex of angiosperms (unpublished 
results) would all seem to be more consistent with the role of an inter- 


mediary. 
Summary 


The critical evidence for the identification of y-aminobutyrie acid (AB) 
aus a constituent of the potato tuber is reviewed. This evidence is based Upon 
(a) superimposition of synthetic AB upon the naturally occurring substance 
in phenol: collidine-lutidine chromatograms, (b) the elution of the AB from 
two-directional chromatograms and the chromatography of a mixture of the 
isolated and synthetic AB, (e) the proof by use of copper carbonate that 
the acid in question is not an a-amino acid, (d) the behavior of the ureides 
of the svnthetie and isolated materials. 

A new technique for the isolation of AB from the potato tuber is deseribeal. 
Amino acids were separated from non-ionic material on ion exchange col- 


umns and then the a-amino acids were separated from AB by their adsorp- 


tion on a mixed column of copper carbonate and alumina. By this means 
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pure AB was isolated in good yield of approximately 4 gm. from 13 kilo- 
grams of fresh potato tuber. The AB so isolated satisfied tests to show its 
identity with synthetie AB (melting point, ultimate analysis, x-ray diffrac- 
tion pattern of the erystals, and quantitative behavior with ninhydrin). 
The mother liquor from crystallization of AB still contained other sub- 
stances Which again appeared in the form of a glass which did not erystal- 
lize. Tests showed that the glass consisted of some residual AB but the rest 
Was nitrogen free and of unknown nature 

The method which has been devised to isolate the AB from potato tuber 
should be of general application to any case in Whieli it is desired to separate 
the a-amino acids from the remainder 

The range of plants belonging to 28 genera of flowering plants and 7 
genera from other divisions of the plant kingdom and in which AB has been 
found to occur is deseribed. The substance appears to be ubiquitous in its 
occurrence in plants. Consideration is given to the metabolic role of AB 
and its relation to enzyine activity and to protem synthesis. 


The authors are indebted to Dr. H. Mermagen, Atomic nergy Project, 
University of Rochester, New York, for the investigations by X-ray diffrac- 
tion methods of the isolated and synthetie substances. Grateful acknowl- 
edgment is made of a grant received from the Grasselli Chemicals Depart- 
ment of the Du Pont de Nemours Co., a grant from the Beechnut Packing 
Co., and a grant from the U.S. Public Health Service. The authors are also 
indebted to Cliff's Dow Chemical Company, Marquette, Michigan, for the 
supply of the pyrrolidone (lactam of AB) 
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Introduction 


Induction of an atypical growth of cabbage roots under sterile conditions 


(8) by p-chlorophenoxyacetic acid (POA) has led to a comparative study 


of typical and atypieal growth. The atypical growth (tumor) is a massive 
tissue, as Opposed to the thin, straight morphology of a normal root. The 
The words tumor or callus as applied to cabbage root growths are intended 
only as a convenient abbreviation of atypical growth. The material is not 
malignant, and therefore cannot be considered a true tumor. It differs 
greatly in degree of organization from the usual plant calluses. It is not as 
disorganized as the usual callus or tumor tissue culture, but is seen to consist 
of many abnormal lateral roots growing in a nondivergent, faseiated condi- 
tion. Since this tissue can be grown under conditions identical with those 
of the normal roots from whieh it is derived, it becomes possible to compare 
the physiological and biochemical characteristies of the two. Aside from 
the deseriptive interest of such a study, the information gathered might be 
pertinent to the mechanism of induction of the atypical growth, or to the 
causal relationships between the new biochemical activities and the new 
morphology. 

The purpose of the present werk has been to compare tumorous roots of 
POA-treated plants with typieal roots of untreated plants in regard to 
growth in tissue culture, dry weight, total nitrogen and protein content, and 
some respiratory characteristics; and to compare the distribution of nitrogen 
and dry weight in entire treated and untreated seedlings. 


Materials and methods 


In the experiments involving growth of intact seedlings, cabbage seeds 
(var. Copenhagen Market) were germinated sterilely and grown on agar 
media in the dark as previously described (8). All chemicals were supplied 
to the roots of the plants by ineerporation in the agar media. After a 14- 
day growth period, dry-weight determinations of roots and tops of cabbage 
seedlings were made on the pooled parts of all plants grown in the same 
medium. The roots and tops were separated, wet weights and lengths were 
determined, and the plants were then dried at 100° C for 24 hours. 


1 Present address: Department of Botany, University of California, Los Angeles, 
California, 
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Total nitrogen was determined according to the micro-Kjeldahl proce- 
dure of Ma and Zuazaca (10). Soluble and insoluble nitrogen were deter- 
mined following a seale modification of the extraction procedures of VICKERY 
et al. (22). 

Respiration studies were earried out in the Warburg apparatus. Root 
systems were removed from the agar in which they had been growing, were 
rinsed vigorously to remove adhering bits of agar, and then placed whole in 
the Warburg flasks. Following the respiration run, the same tissues were 
digested and the amount of nitrogen determined. Respiration of three to 
eight tumors, or of five to 25 roots, was measured in each flask, and rates 
were calculated per mg. of tissue nitrogen. The usual respiration medium 
was 2 ml. of M/100 phosphate buffer at pH 5.0, plus 2% sucrose. Carbon 
dioxide Was measured by the direct method of Warburg (21). 

In tissue culture experiments with excised root material, the previous 
basal medium was used (8) although in liquid form. Nutrient salts, 2% 
sucrose, and a Neurospora complete Vitamin mixture were provided, All 
growth was carried out in 5 mil. of liquid in a 50-mil. flask, kept on a shaker 
for the duration of the growth period. A preliminary experiment had shown 
that both shaking and a small volume of liquid were necessary in order to 
insure adequate aeration of the tumors. Material for tissue culture was 
obtained by exeision of large portions of tumorous root systems that had 
been grown on POA plus yeast extract for two weeks. The original and final 
wet weight of each piece of tissue Was determined for each Passage, Trans- 
fers of material weighing 20 to 50 mg. were made at two-week intervals, 


under sterile conditions 
Results 
TISSUE CULTURE EXPERIMENTS 


Cabbage tumors were grown in sterile culture for eight passages of two 
weeks each; and at the end of that time some tissue masses were Increasing 
their wet weight at a rate of close to five times during a two-week growth 
period. Figures listed in table | are for the ratio of final to original wet 
weight of the tissues during two-week passages in 5 mi. of the media indi- 
eated. Previous transfers of all material were on POA and yeast extract 
only (transfers 1 to 3). The tissues grown minus POA were derived from 


TABLE | 
GROWTH IN TISSUE. CULTURE OF TUMOR MASSES 
AND OF ROOTS DERIVED FROM THEM. 


+POA (tumors) in —POA (roots) in 
Medium transfers transfers 


+ 5 
Basal 3.6 


Basal yeast extract 4.0 
Basal proline 5.4 
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passage 3 of the tumor material. Proline was at 9» 10 M, yeast extract 
is at 1 mg./ml., and POA is at 8x 10-7 M. Each figure is the average of 7 to 
15 tumors. Apparently the tissue might grow indefinitely if handled properly. 
Dr. L. G. Nickell, formerly at the Brooklyn Botanical Gardens (personal 
communication) has maintained similarly induced tissues of clover for over 
20 months in sterile culture. 

Tumor tissue Was originally grown on an agar medium. It was found 
however that tumors ‘retained their positive geotropism and beeame em- 
bedded in the agar as they grew which made accurate and sterile weighing 
of the tissues very difficult, and led to the adoption of a liquid medium for 
the passages demonstrating continued growth. In culture, excised cabbage 
tumors grow at the outer edges only. The regions behind the growing edges 
remain static, and eventually turn brown and die. Restrieted meristematic 
areas and a rapid rate of enlargement of the cells laid down were seen in the 
histological preparations (8), and explain this gross growth characteristic. 
The method of growth has some disadvantages for tissue culture work, since 


it is difficult to obtain equally rapidly growing masses of tissue in replicate. 


Furthermore, clonal material cannot be obtained in large quantity. 


To maintain the atypical form of growth POA was required. If tumor- 
ous masses were taken out of the medium with POA, and put in a medium 
lacking this growth substance, then most of the new growth of the tissue 
took the form of morphologically distinct roots (fig. 1A, below). A triple 


Fic. 1. A. Appearance of cabbage root tumors growing in sterile culture after six 
Piussages (top row) ind similar material demonstrating new growth in the form of roots 
(bottom row) alter one passage mm the ibsence of POA The size difference between the 
two rows is irrelevant, and is due to the facet that the material chosen to be photo- 
graphed was taken from contaminated cultures that were about to be discarded. Growth 
occurred in basal medium, with the addition of yeast extract, 1 mg./ml. and POA. « 1.7. 
B. Cabbage root material, grown alternately in the presence and absence of POA and 
veast extract. The tumor mass at top was derived from an original seedling root, the 
roots radiating out from the tumor grew in the passage minus POA, and the tumors at 
the ends of these new roots developed when the whole svstem was put back on POA 
and veast extract «10 
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reversal of growth form was found possible, and is illustrated in fig. 1B. 
The upper tumor mass originated when a normal primary root Was put in 
the presence of POA. The roots spreading from it grew during a subsequent 
growth passage in the absence of POA. Then when the whole system of 
tumor plus new roots was returned to a medium containing POA, massive 
proliferations again took place in the younger regions of the roots. These 
experiments demonstrate the impermanence of the changes induced by POA 
in cabbage seedling roots. They also suggest that root initials are actually 
present in the atypical growths, and that these require only removal of POA 
to grow rapidly, normally and individually. This conelusion is supported 
by the histological evidence of the presence of normal root initials in the 
atypical tissue (8). 

In contrast to the tumors, roots derived from excised tumors by removal 
of POA rapidly die off in culture. Thus in table I, such roots derived after 

TABLE II 


GROWTH IN CULTURE OF EXCISED CABBAGE ROOTS AND 
OF TUMORS DERIVED FROM THEM. 








Type of Passage Number 
measurement 7 


Medium 











Basal cm./root ‘ 0.2 


Basal plus asparagine cm./root 10 0.7 0.0 
no. of roots 15 8 


Basal plus yeast extract cm./root = oe - 
no. of roots 19 14 
Basal plus POA plus 
yeast extract final/original wet wt. 1.9 2.4 1.1 
Basal plus POA plus 
asparagine final /original wet wt. 2.1 1.1 


Basal plus POA final/original wet wt. 1.6 0.0 








the third tumor transfer were dead by the sixth passage, whereas the original 
tumors were continuing to grow in the presence of POA. Root tips freshly 
excised from cabbage seedlings similarly failed to grow for as long a period 
of time as the excised tumors. These roots would grow for essentially three 
passages if given yeast extract (although a few exceptional roots lasted for 
five passages). Without yeast extract they did not grow after the first 
passage. The growth of these roots is listed in table Il. Growth of roots 
(in media without POA) js listed as centimeter increment per root per two- 
week transfer period; underneath is listed the number of roots growing in 
that passage. Growth of the tumors is listed as the final weight divided by 
the original weight. The tumors (plus POA) were derived from the mature, 
non-growing regions of roots on basal plus yeast extract, left from trans- 
fer 4; and the tumors on POA without yeast extract were derived from pas- 
sage six of tumors plus yeast extract. Asparagine Was at 5» 10-4 M, yeast 
extract at 1 mg./ml., POA at 8 « 10°7 M. 
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As a further demonstration of the better growth of tumors than of the 
roots from which they are derived, the apparently non-growing regions in 
the mature part of roots showing some growth in passage 4 (table IL) were 
transferred to a medium containing POA. Despite the facet that only half 
the root tips without POA survived in the next (fifth) passage, and none in 
the sixth, the rear areas of these roots did produce tumors under the influ- 
ence of POA, and these kept growing at an apprectable rate through pas- 
sages five, six, and seven. Possibly if the tumors had been derived from 
healthy seedling roots at the same time as the original root tips, they would 
have kept on growing even after the seventh passage. 

Isolated cabbage seedling roots have also failed to grow for more than 
one transfer in media supplemented with yeast extract plus indoleacetic acid 
or POA in the range 10° to 10°"! M (6). In all experiments the usual vita- 
mins were abundantly supplied, so that these could not have been limiting 
the growth of cabbage roots. 


NITROGEN AND DRY WEIGHT DISTRIBUTION 


A greater amount of nitrogen and dry matter is found in plants whose 
root systems are tumorous, than in normal seedlings (tables ITT and TV). 
The formation of root tumors therefore represents a net growth stimulation. 
All of this excess of nitrogen and dry matter is found in the root systems, 
which therefore have a much higher proportion of these constituents than 
usual. Indeed, the tops seem to have slightly less of both than is usual for 
the typieal seedlings. Since the seedlings are grown in the dark, all mate- 
rials for growth are derived from the medium and must pass through the 
roots first. It is evident, therefore, that the tumorous root systems must 
retain a much larger proportion of nutrients than usual, and may even pre- 
vent some of the usual amount from reaching the top. The term Qe in tables 


TABLE Ill 


DRY WEIGHT DISTRIBUTION IN TYPICAL AND TUMOROUS SEEDLINGS. 
FIGURES REPRESENT VALUES PER SEEDLING, AVERAGE OF 100 
SEEDLINGS FOR EACH FIGURE. NITROGEN IS AMMONIUM 
CHLORIDE AT 7 x 10*M, POAIS AT8 x 107 M, AND 
SUCCINATE BUFFER AT PH 65, AT8 x 107° M 
GROWTH PERIOD WAS 14 DAYS. 


= ~ - ———s <== 


Root Top Entire seedling 





Growth medium Dry weight Dry weight Dry weight Dry 
per seed- per seed- per seed- weight 
ling ling ling in root 


mg./cm, mg. , mg. 


Basal plus N 1.6 1.23 5.30 23 
Basal plus N plus 

succinate buffer os 2! oli 5.3 23 
Basal plus N plus POA 24. 4.93 3. 8.8 56 
Basal plus N plus POA 

plus succinate buffer ‘ wha . 28 
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TABLE IV 


NITROGEN DISTRIBUTION IN TYPICAL AND TUMOROUS SEEDLINGS. FIGURES 
LISTED ARE THE AVERAGE PER SEEDLING OF 30 SEEDLINGS IN EACH 
TREATMENT. N IS AMMONIUM CHLORIDE AT 6 x 10* M, POAIS AT 
8 x 107 M, HIGH POA IS AT 2 x 10° M. THE GROWTH 
PERIOD WAS 14 DAYS. 





Root Top Entire seedling 

Root —————_——._ ——_____- 
Qe Nitrogen Nitrogen Nitrogen Nitrogen 
per seedling per seedling per seedling in roots 





Growth medium 





mg./cm, mg. mg. mg. % 


Basal 1.4 -03 189 .219 14 
Basal plus POA -055 161 -216 25 


6.8 
Basal plus high POA 18.7 117 «12S 242 48 


Basal plus N 1.6 -022 .170 -192 1] 
Basal plus N plus POA . - 110 «Baz 282 39 
Basal plus N plus 

high POA , oi77 .077 254 70 





III, IV, V, VI is the quotient of wet weight per unit length of the root sys- 
tems and is a measure of the degree to which a root system is unlike a typical 
root system, and essentially indicates net thickness. Qe of over 3 indicates 
some atypical growth; over 10 it indicates strong tumor formation. 

An apparent anomaly is found in the lower nitrogen uptake of plants 
grown in the presence of extra ammonium chloride. Very extensive data 
from this particular experiment (not shown here) revealed that plants ex- 
posed to ammonium chloride, in the absence of POA or buffer, were in a 
somewhat toxic state. This condition is reflected in the lower nitrogen 
uptake. 

NITROGEN AS A MOBILIZING FACTOR 


Several experiments were performed to determine the movement of dry 
matter and nitrogen within the cabbage seedling as a consequence of tumor 
formation in the roots. The results from one such experiment lasting 14 
days, are listed in table V.. Values with urea in table V should be compared 
with those at pH 6, since the medium was maintained at or above this pH 
by the presence of urea. The inability of low pH to duplicate the effects 
of the nitrogen sourees and the effect of nitrogen in the medium to reduce 
the amount of nitrogen going into the tops should be noted. A net gain in 
dry weight and nitrogen in the roots was observed on all media during the 
14-day growth period, and usually in the tops as well. With increasing POA 
present in the medium, there was a greater gain of nitrogen and dry matter 
in the roots, but the increment of both of these in the tops was reduced. 

The tendeney to prevent nitrogen or dry matter from getting to the tops 
was enhanced by extra nitrogen present in the medium. In the extreme case 
(table V, medium containing high POA, or low POA plus ammonium chlo- 
ride) there was a net translocation of nitrogen and dry matter out of the 
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TABLE V 


NITROGEN AND DRY WEIGHT INCREMENTS OF CABBAGE SEEDLINGS GROWN IN THE 
PRESENCE OF POA. FIGURES ARE THE AVERAGE PER SEEDLING OF 25 
SEEDLINGS EACH. POAIS AT 8 x 1077 M, HIGH POAIS AT 2 x 107M, 

UREA AND AMMONIUM CHLORIDE ARE AT 8 x 10M. 

CONTROLLED PH OF 5 AND 6 ARE MAINTAINED 
BY SUCCINATE BUFFER AT 4 x 107° M. 

GROWTH PERIOD WAS 14 DAYS. 


Dry weight increment Nitrogen increment 


Growth medium Oc 


Root Top Seedling Root Top Seedling 


mg. ’ mg. mg. mg. mg. 
Basal plus POA 3 .055 .029 -084 
Basal plus high POA A 3. -116 -.010 - 106 
Basal plus POA plus NH‘Cl : 3 3. 148 -—.012 - 136 
Basal plus POA plus urea é 3 -099 .018 -117 


Basal plus POA pH 5 13 : ; 3.5 . 109 016 125 
Basal plus POA pH 6 S re 204 025 -047 072 


tops and into the roots. This effect was most clearly seen at intermediate 
times during the growth period, in this and other experiments. Thus the 
presence of extra nitrogen in the medium together with POA is seen to assist 
in the mobilization of nitrogen and dry weight to the growing tumorous root 
system. That the effect is not due to manipulation of the pH of the medium 
is seen in table V, where a low pH maintained by a non-nitrogenous buffer 
could not duplieate the effects of extra ammonium and a nitrogen souree 
that causes the pH of the medium to rise (7.e., urea) is also seen to assist in 
the translocation of materials to the roots, or at least in preventing their 
translocation to the tops. 

The amount of insoluble (protein) nitrogen was determined for typical 
and atypical root systems. Seedling root systems that were tumorous, and 
normal roots grown in media lacking POA, showed a comparable per cent. of 
nitrogen in insoluble form (74 to 78%). Root systems growing on basal 
medium plus ammonium chloride by itself, however, at times seemed to have 
a slightly lower per cent. of protein, probably attributable to their toxie 
conditions. Since there is a larger amount of nitrogen in tumorous roots 
than in typical roots, the total protein formed is greater in tumorous root 
systems. 


RESPIRATION EXPERIMENTS 


Oxygen uptake, carbon dioxide output, and R.Q. (ratio of CO, output to 
©. uptake) of roots were compared with those of tumors in a number of 
experiments. All the essential points are illustrated with material obtained 
at different times during the growth period of one experiment (table VI). 
The respiration of roots varied between 100 and 200 microliters of O. uptake 
per mg. N per hour. The rate of respiration of tumors is of the same order 
of magnitude on a mg. N basis. Roots removed at later times from the 
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TABLE VI 


RESPIRATION RATES OF ROOTS AND TUMORS GROWN ON THE MEDIA SHOWN 
FOR VARIOUS LENGTHS OF TIME. B STANDS FOR BASAL MEDIUM, N IS 
AMMONIUM CHLORIDE AT 8 x 10*M, P IS POA AT8 x 107M, 

PP IS POA AT 2 x 10°* M. 


R.Q.** 


at day 
Parts 





Roots ; 
180 196 


Tumors BPP 19.0 


BNP 19.0 .... 176 192 124 136 144 1.09 1.08 1.16 1. 
BNPP 31.0 . 85 .... 1.26 1.6 


*In microlitres 0,/mg. tissue N/hour. 
** Ratio of CO, given off/O, taken up. 


growth medium had decreasing rates of respiration after the fifth day. The 
most marked decrease Was associated with normal roots in a toxie condition, 
growing in unbuffered ammonium chloride plus the basal medium. 

The R.Q. of respiring roots was almost always close to 1.0. However, 
tumor respiration is characterized by a consistently higher R.Q. than that 
found for roots. All tumors with Qe (index of tumor morphology) greater 
than 5 mg./em. had an R.Q. of 1.12 or more. The highest R.Q. observed for 
very tumorous root systems was 1.6. The increased R.Q. is a characteristic 
of the tumorous growth resulting from the application of POA, and is not 
caused by the direct application of POA. Normal roots that were put in the 
presence of POA at 2» 10° M, a concentration high enough to cause tumor 
formation in the absence of extra nitrogen, maintained an R.Q. of 1.0 for at 
least the first four hours (table VII, 0-day measurements). The rise in R.Q. 
resulting from growth in the presence of POA could be distinctly observed 
only on the tenth day, although indications of a rise were obtained as early 
as the second day. 

It would seem from the figures in table VI that POA at 2 « 10 ® M eauses 
a slight decrease in the respiration rate of seedling roots (0-day column). 
The deerease is not a very large one, however, and has not been repeated 
enough times to determine whether it is a significant one or not. Any such 
slight inhibition of respiration is eliminated after further growth in the pres- 
ence of POA, moreover. 


SENSITIVITY TO REDUCED ATMOSPHERIC PRESSURE 


When the inhibition of tumor formation by pH was first noticed, it was 
believed that the inhibition involved oxidative utilization of the organic acid 
buffers (7). Growth under redueed atmospheric pressure (and therefore 
reduced oxygen tension) failed to reveal any seleetive inhibition of the 
organic acid effeets, sueh as might have been expected if their oxidative 
utilization were responsible for inhibition of tumor formation. These experi- 
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ments did show, however, that tumorous growth is considerably more sensi- 
tive to a 50% reduction in atmospheric pressure than is the growth of 
normal roots. 

Discussion 

The data presented on tumor respiration, on dry matter and nitrogen 
uptake and distribution, define characteristics of the atypical growth itself, 
but offer no evidence in regard to any immediate biochemical effeets of POA 
at these concentrations. They all occurred only after a period of growth in 
contact with POA, and not on direet application of the growth substance 
itself. Similar secondary effects have been observed in regard to various 
constituents of many plants treated with phenoxyacetic compounds, espe- 
cially 2,4-D (11). In our experiments, a net growth stimulation occurred, 
as evidenced by greater total uptake of dry matter and nitrogen from the 
medium, accumulation of these in the tumors, and greater amounts of pro- 
tein formation and total material respired. The distinetion between tumors 
and normal roots is emphasized by the fact that this growth stimulation 
occurs at concentrations of POA which almost completely inhibit normal 
root elongation (8). 

Some previous investigations have shown phenoxyacetic compounds (1, 
16) to restrict the total uptake of salts by treated plants. In those two 
instances lower uptake was correlated with a reduced root volume. In the 
present case there Was no reduction of root volume, although the absorbing 
surfaces may have been equal to or even smaller than those of typieal root 
systems. In at least three cases, application of growth substances to the 
roots of plants has been shown to cause translocation of materials to the 
roots and accumulation there (1, 4, 16). In the present case, again, appli- 
eation of POA to the roots of cabbage seedlings resulted in a net transloea- 
tion of dry matter and nitrogenous materials from the tops to the roots, 
especially when higher concentrations of POA were used. 

It was of some interest to find that, when POA was present, the process 
of translocation of nitrogen away from the tops was accelerated by extra 
nitrogen in the agar medium. This fact is of course explained in a general 


way by the formation of larger and more vigorous tumors by POA when 
extra nitrogen is present in the medium (6). Mobilization of foodstuffs here 
cannot be attributed directly to the growth substance but must oeeur indi- 


rectly through the new growth processes which result from the appleation 
of growth substance which can be compared, however, with the use of the 
term mobilizing hormone (3, p. 445.) 

In previous experiments (6) it was found that an excess of nitrogen in 
the medium increased the activity of all concentrations of POA in the for- 
mation and growth of root tumors. The present experiments show that 
tumorous growth is more rapid than that of normal roots, and more nitrogen 
is utilized in protein formation. It might therefore be thought that the extra 


nitrogen is serving only to support the more rapidly growing atypical tissue. 
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However, the excess nitrogen had the largest effeet together with low con- 
centrations of POA, which were then enabled to form small tumors. The 
growth of small tumors should not have required as large supplies of excess 
nitrogen as that of large tumors; nevertheless it was seen that stimulation 
of tumor formation by low concentrations of POA required more extra nitro- 
gen than did that of high concentrations of POA. It may still, therefore, be 
concluded that extra nitrogen acts as a specifie co-faetor with POA in the 
formation of these tumors. 

Neither a direct nor an indirect effect of POA on the rate of respiration 
was observed with this material, although indirect effects with toxie concen- 
trations (2, 15, 17, 18) and direct effects with very high (23) or very low (9) 
concentrations of 2,4-D have ben noted. The outstanding effect noted with 
cabbage roots is an increase in R.Q. as they become tumorous under the 
influence of POA. Again, this is an indirect effect of the growth substance. 
Of the previous reports of a higher R.Q. following application of 2,4-D (5, 
17, 20) only one (20) clearly seems to be a direct effect, and this was not 
a very large one. 

The tumorous cabbage seedlings were grown in the dark, with sucrose 
as sole carbon source. Under these conditions the net excess production of 
carbon dioxide represents a partially fermentative respiration. There should 
be, therefore, some fermentation products being formed and stored in the 
cabbage tumors. No attempt has been made, however, to determine the 
existence or composition of such products. Cabbage tumors seem to grow 


in an intermediate state of organization. Although not root-like, they are 


still far from being disorganized callus tissues. The intermediate state is 
emphasized by retention of positive geotropism, a physiological character- 
istic of true roots. This phenomenon causes some difficulty in quantitative 
tissue culture work, as stated in the experimental section. It is interesting 
to note, in addition, that tumors are growing in concentrations of POA suffi- 
cient to inhibit normal root elongation almost completely. Nevertheless, the 
tumors can still respond to gravity, and presumably to alterations in the 
distribution of internal supplies of auxin. 

The phenoxyacetic series of synthetic growth substances have not vet 
been used very much as agents for producing or maintaining plant tissues in 
culture. Srewarp and Capiin (19) have reported that potato tuber tissue 
could be induced to grow as a callus in culture, in the presence of 2,4-D and 
coconut milk combined. Potato tissue, like the excised cabbage roots (24) 
previously could not be grown in the absence of 24-D. From the work of 
Steward and Caplin, and the present experiments, it seems likely that many 
plant materials impossible to culture by methods yet attempted, might be 
brought into exeised culture by the use of substituted phenoxyacetic acids 
with or without accessory factors. 

The better growth of excised tumors than of roots under these conditions 
is perhaps the most interesting indication of an alteration of the tissue me- 
tabolism by POA. Whatever was limiting the growth of detached roots 
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could either be replaced, supplied or circumvented by the influence of POA, 
An analogous situation, in which roots derived from earrot eallus had a 
nutritional requirement (thiamine) which was obligately replaced in the 
parent callus by the growth substance indoleacetic acid, was reported by 
Nospecourt (14). 

It would be of considerable interest to find out what factors are neces- 
sary for the growth of cabbage root tips, since these would be closely related 
either to the mode of action of POA directly, or to the new and different 
biochemical metabolism initiated by POA. It is pertinent to note that the 
ability to maintain growth in vitro is as dependent on the continued presence 
of POA as are the morphological changes caused by POA, 


Summary 


Cabbage root tumors induced by p-chlorophenoxyacetic acid (POA) can 
be maintained for at least eight passages of two weeks each in tissue culture. 
Normal roots, however, die out rapidly in excised culture. The formation 
ot tumors from roots Is readily reversible, since the continuing presence of 
POA is necessary to prevent the atypieal growths from reverting to normal 
growth. Tumors continue to show positive geotropism in culture. 

Formation and growth of tumors represents a net growth stimulation. 
Wet weight, dry weight, total nitrogen, and total protein are all higher in 
tumorous root systems than in normal root systems. Total uptake of mate- 
rial by the entire seedling is greater when the roots are tumorous than when 
they are normal. Although the tumorous root systems are accumulating 
large amounts of materials, accumulation in the tops does not show a corre- 
sponding rise. In the mest extreme cases of tumorization, nitrogen and dry 
materials may be drained out of the tops and into the roots 

Tumors are characterized by a respiratory quotient greater than unity, 
whereas the R.Q. of normal roots is always close to 1.0. The rise in R.Q. 


is not an immediate effeet of adding POA, but only occurs after a few days’ 


growth in the presence of the growth substance. 
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Introduction 


In spite of the universal occurrence of steroids in plants, the role of these 
materials remains quite unknown. That steroids possess physiological 
activity for the higher plant was in fact demonstrated only after the dis- 
covery of estrogemie principles in plants in 1926-1927 by Loewe and SpoHrR 
(22), Dourn ef al. (12), and Loewe ef al. (20, 21) 

The status of our knowledge of the influence of the animal steroid hor- 
mones on the vegetative growth and reproductive development of plants has 
been extensively reviewed by Love and Love (23). There appear to be 
several well established examples of the influence of estrogenic materials on 
vegetative growth. Effeets of flowering appear to be generally secondary 
to this effeet. Hymi6 (17) has, however, demonstrated an influence of 
estrone and of testosterone on sexual expression in spinach, and Love and 
Love (23) have been able to suppress either anther or gynecium growth in 


Melandrium by application of estrone or testosterone respectively. 


In addition to the effeets which estrone exerts when applied directly to 


intact plants, there are additional instances of effects of estrone on growth 
of isolated plant parts or tissues. Sueli effeets have been observed by Koi 
and Haacen-Smir (18) and by Bonner and AxrMan (10) with isolated pea 
embryos, by Fiepter (14) with isolated root tips of corn, by WryLanp (25) 
with Allimm cepa roots, and by Gioriir (15) with cultures of carrot root. 
In all of these instances additions of estrone to the culture medium have 
served to cause a general increase in growth rate. That the synthetic estro- 
gen, diethylstilbesterol, ean replace estrone in promotion of plant growth has 
been established by ZoLiikorer (26). 

The effects of testosterone treatment of higher plants, other than the 
influence of sex expression noted above, have been quite varied. Von EuLeR 
(13), for example, found that inhibition of seedling development resulted 
when seeds of Lepidium sativum or Hordeum vulgare were treated with 
testosterone at concentrations of 0.010 as well as with estrone. Similarly, 
Giaser and Ranere (16) found testosterone harmful to growth of hyacinth 
bulbs while Davip and Gouzon (11) found testosterone to be without effect 
on the species studied by them 

Certain microérganisms are influenced by additions of steroids to the 
nutrient medium. The Rhodotorula sugari and R. glutinis, two of several 
yeasts investigated by WeBer (24), responded (particularly in the presence 
of Zn) with increased growth to applications of estrone, estradiol benzoate, 


128 
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or testosterone. NEKAM and PoLcAr (19) found growth retardation of 
Trichophyton crateriform and Staphylococcus aureus by estrone, and growth 
arrest by either androsterone or testosterone. 

No funetion nor physiological actuiVvity has as vel been found for the uni- 
versally distributed phytosterols and mycosterols so fur as plants are con- 
cerned although these substances have of course found extensive use in the 
synthesis of products which have hormone or vitamin activity in higher 
animals. 

The saponins constitute a group of steroids of wide but sporadie oceur- 
rence in the plant kingdom. BALANsarp and PeLiessier (1, 2, 3, 4, 5, 6, 7) 
in a series of papers published between 1943 and 1945 have shown that 
saponins inelude substances capable of eliciting plant growth responses. 
These authors used various concentrations (10 to 1000 pag. per mi.) of quil- 
laja, polygala, saponaria, and sapindus saponins. The growth rate of iso- 
lated wheat embryos was approximately doubled by optimal concentrations 
of saponin, although higher concentrations were toxic. Saponin applications 
also brought about increased rate of development of shoots and roots by 
begonia leaves. The treatment of seeds of cereals and tomato with dilute 
solutions of saponins accelerated germination and increased subsequent 
growth rate. The application of dilute saponin solutions to tomato roots 
resulted, however, in growth inhibitions, preeeded in some instances by a 
short period of increased growth. Seeds of peas absorbed water more rapidly 
in the presence of saponins. BALANsarp ef al. (8) found similar effects of 
saponin on water absorption by seeds of corn, with a subsequent more rapid 
germination. Von EuLer (13) germinated seeds of Lepidiam sativum and 
Hordeum vulgare in the presence of digitonin, quillaja saponin, or sodium 
cholate but found only growth inhibitions due apparently to the use of 
excessively high concentrations. 

In the present work, a survey of the physiological activity of a wide 
variety of steroids is presented. The comparison is based on effeets on the 
growth of isolated pea embryos in aseptic culture, according to the method 
of KOcL and Haacen-Smuir (18) and BoNnNer and AxTMaN (10). 


Materials and methods 


All of the experiments were conducted with excised embryos of pea, 
variety Alaska. The methods of sterilization and culture were identical 
with those of BonNeR and AxtmMan (10). The culture medium was that 


prescribed by Bonner and Appicorr (9) for growth of pea roots, except that 


the agar medium contained 2% rather than 4% suerose and the culture 
vessels were 75 « 250 mm. Pyrex test tubes. The basal medium contained 
Ca(NO,)0°4 HO 170 mg./1.; MgSO,:7H.O 21 mg./l.; KNO, 85 mg./1.; 
KCI 61 mg./l.; KHoPO, 20 mg./l.; ferric tartrate 1.5 mg./l.: agar 1%; 
sucrose 2%. The plants were grown at 25° C in the dark. Approximate 
measurements of stem growth were made weekly for three weeks, and after 


four weeks the plants were removed from the culture tubes for measurement 
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TABLE I 
AVERAGE GROWTH OF 11 CONTROL SERIES OF EXCISED PEA EMBRYOS IN 
UNSUPPLEMENTED BASAL MEDIUM. GROWTH IN DARK AT 25° C. 
INITIAL LENGTH OF STEM, APPROXIMATELY 2 MM. 


Stem length 
— Root length 
After 1 After 2 After 3 \fter 4 after 4 weeks 


week weeks weeks weeks 


mm, mm, mm, mm, mm, 


17.7 + 2.4 32.1 + 4.5 43.3 + 5.1 


56.0 + 9.0 56.9 + 9.9 


of final stem and root lengths. The individual stems and roots of each group 
were then separated for dry-weight measurements. Twenty embryos were 
cultured and grown in each experiment for each treatment. The number of 
plants finally harvested in each group Was approximately 18 since an oceca- 
sional embryo either failed to develop or formed adventitious roots or shoots 
due to injury at excision, These individuals were disearded. 

Accessory substances were added to the culture medium in water, ether, 
or alcohol solutions, and controls were prepared using comparative amounts 
of pure solvents. The addition of ether was without significant effect. 
Alcohol, however, tended to inerease growth somewhat after two weeks. 
Several compounds, principally the esterified compounds, precipitated from 
the cold medium, and henee concentrations were limited in these cases by a 


solubility factor. 
Results 


The results, as reeorded in the tables, are given as per cent. of the growth 
of the control. Additional notations indicate statistical significance of 
growth in the individual treatments from growth in the unsupplemented 
basal medium. The growth of the individual control series was quite uni- 
form as between successive experiments. Table I presents the average 


growth measurements for 11 control groups. 


TABLE II 


GROWTH RESPONSES OF EXCISED PEA EMBRYOS TO VARIED ACCESSORY 
FACTORS, MEASUREMENTS AFTER FOUR WEEKS. 


Growth in length as 


Accessory substance Concentration per cent. of control 


Stem Root 


mg./l. 


Vitamin B, 
Vitamin Bs 

Biotin 

Biotin 

Biotin 

Casein hydrolyzate 


*Significant at 5% level. 
**Significant at 1% level. 


] 

l 

0.1 

0.01 

0.001 
100 
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In preliminary experiments several groups of embryos were cultured in 
the presence of nonsteroidal accessory substances in order to arrive at as 
optimal a medium as possible for this variety of pea. The results of these 
experiments are given in table II. Vitamin B,, at 1.0 mg. 1, and casein 
hydrolysate, 100 mg./1., increased root growth significantly. Nicotimie acid, 
pantothenic acid, ascorbic acid, and adenine were substantially inactive. 
Vitamin Beg, at 1.0 mg./1., inhibited shoot growth, and biotin above 0.01 
mg./l. was inhibitory either alone or in the presence of the B vitamins men- 
tioned above. Accordingly, none of these HCCESSOLY substances Was used in 
the culture medium. 

TABLE II 
GROWTH RESPONSES OF EXCISED PEA EMBRYOS TO STEROID ANIMAL 
HORMONES. MEASUREMENTS AFTER FOUR WEEKS. 


Growth in length as Dry weight as per 
per cent. of control cent. of control 


Accessory Concen- 
substance tratian ---- - -—- 
Stem Root Stem Root 


mg./l. 

10.0 102 108 99 
1.0 120* 115 114 
0.1 104 96 99 
0.01 100 106 125 


Testosterone 10.0 35** 90 77 

propionate 1.0 or 85 83 

0.1 75%* 90 93 

0.01 104 104 103 

Dihydroxy 10.0 7 94 : 89 

estrin 1.0 85 105 
Methyl-andros- 

tenediol 1.0 83 81 97 107 


Cortisone 10.0 15** ae eet 
1.0 78** 92 116 





*Significant at 5% level. 
**Significant at 1% level. 


Estrone, in accordance with the earlier findings, exhibited considerable 
activity in increasing growth of pea embryos, increasing stem growth by a 
maximum of 20% at its optimum concentration of 1 mg. 1. Testosterone 
on the contrary was highly inhibitory, exerting a growtli-depressing effect 
which disappeared only at concentrations of 0.01 mg./l. and below. Two 
other compounds of the animal sex hormone series, diliydroxyestrin and 
methyl androstenediol, were also slightly inhibitory and, in common with 
others of the steroids tested, showed inhibitory action to an extent which 
approached statistical significance. Cortisone, in concentrations of 1 and 10 
mg. 1. greatly inhibited shoot growth although only the higher coneentra- 
tion inhibited growth of the root. 

All of the other typically animal sterols summarized in table IV were 
ineffective or inhibitory to growth of pea embryos at all concentrations 
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TABLE IV 


GROWTH RESPONSES OF EXCISED PEA EMBRYOS TO CHOLESTEROL AND 
RELATED ANIMAL STEROLS. MEASUREMENTS AFTER FOUR WEEKS. 


Growth in length as Dry weight as per 


per cent. of control cent. of control 
substance tration neceies 


Stem Root Stem Root 


\ccessory Concen- 


mg.l./ 


Cholesterol 10,0 87 88 
1.0 108 
0.1 80** 87 
0.01 87 
Cholic acid 0.1 80** 
0.01 86 
Desoxycholic 0.1 90* 
acid 0.01 88 


a-lHyodesoxycholic 10.0 68** 
acid 1.0 80* 


*Significant at 5% level. 

**Significant at 1% level. 
tested. Thus cholesterol, from two different sources, caused small and some- 
What irregular inhibition, particularly of root growth. Cholie acid inhibited 
both shoot and root growth at low concentration, desoxycholic acid Was less 
effective, and a-hyodesoxycholic acid was inhibitory only at relatively high 
concentrations, 

TABLE V 


GROWTH RESPONSES OF EXCISED PEA EMBRYOS TO SAPONINS, 
MEASUREMENTS AFTER FOUR WEEKS, 


Growth in length as Dry weight as per 
Accessory Concen- per cent. of control oats, «5 emai 
substance tration edited 2 


Stem 


Root Stem Root 


mg./l, 


Saponin, 50.0 92 107 110 
Merck 20.0 98 103 103 
Sample 1 10.0 124* 118 105 
10.0 126* 107 114 

1.0 106 102 96 

1.0 115 105 $37 


Saponin, 10.0 140** 120 
Merck 1.0 119* 105 
Sample 2 
Saponin, 10.0 117* 104 
Penick 1.0 134** 117 
Diosgenin 10.0 143** 120 
saponin 1.0 113 110 
*Significant at 5% level. 
**Significant at 1% level. 
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The steroids most active in promotion of growth of pea embryos have 
been found among the saponins. The present results summarized in table V 
roughly parallel those of Balansard and Pellessier in which the rate ot 
growth of wheat embryos was nearly doubled by saponin application. In 
contrast to the work with wheat, however, no growth-inhibition by saponins 
Was noted with pea embryog, even in concentrations as high 50 mg./l. Opti- 
mum growth of stems occurs in all cases near 10 mg. |. Root response in 
general followed the response in stem growth. 

TABLE VI 
GROWTH RESPONSES OF EXCISED PEA EMBRYOS TO TYPICAL PLANT 
STEROLS, MEASUREMENTS AFTER FOUR WEEKS, 


Growth in length as Dry weight as per 
per cent. of control cent. of control 


\ccessory Concen- 
substance tration 


Stem Root Stem Root 
mg./l. 

k-rgosterol 10.0 - 86 

1.0 83 


Sitosterol 10.0 9] 
1.0 90 


Diosgenin 10.0 2 95 
acetate 1.0 2 91 


Stigmasterol 10.0 103 
acetate 1.0 98 


Stigmasterol 10.0 é 94 
hydrate 1.0 94 


Hecogenin 10,0 98 
acetate 1.0 100 


\*** -Hecogenin 10.0 90 


acetate 1.0 82 


« 


Dehydrodios- 10.0 98 
genin acetate 1.0 106 


*Significant at 5% level. 

The saponin preparations used ineluded three commercial samples of 
relatively crude material containing mixtures of materials as well as one 
chemically defined compound, diosogenin saponin, The latter was fully as 
effective In promoting pea embryo growth as the crude materials, 

The remaining compounds tested for effectiveness on the growth of pea 
embryos were plant products, naturally occurring or synthetically modified. 
These included a sitosterol preparation, stigmasterol hydrate and acetate, 
diosgenin acetate, dehydrodiosgenin acetate, heeogenin acetate, A®"!-heco- 
genin acetate and ergosterol. Results with these materials are summarized 
in table VI. All were either ineffective or slightly inhibitory over the con- 


centration ranges tested. 
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Discussion 


It has been shown that the promotion of pea embryo growth by sterols 
and related materials possesses a definite chemical specificity. Of all the 
sterols and sterol derivatives tested in the present investigation, only one, 
estrone, caused significant increases in growth. This material has not only 
been previously shown to be effeetive in the pea embryo test but to influence 
the growth of other higher plant tissues and species as well. It is particu- 
larly noteworthy that the well known plant sterols ergosterol, stigmasterol, 
and sitosterol were found to be without growth-promoting effect. 

That the growth-promotion of pea embryos by estrone is attended by a 
marked chemical specificity is stressed by the fact that the closely related 
diliydroxyestrin was found to be totally ineffective. In addition, the growth- 
promotion of pea embryos by estrone finds its counterpart in the relatively 
specific growth-inhibition exerted by testosterone. This material in concen- 
trations as low as 0.1 mg./1., was found to bring about significant reduction 
in embryo growth. Growth-reductions of a less striking nature were caused 
by a variety of other steroidal materials. It is nevertheless striking that the 
most effective growth-inhibitor in these experiments is testosterone Just as 
estrone is the most effective growth-promoter. 

The steroidal saponins constitute another group of substances with 
marked growth-promoting effects on cultured pea embryos. That growth- 
promotion by saponins is not due to their possible content of estrone is indi- 
cated by the fact that in one instance, that of diosgenin saponin, a pre- 
sumably pure material was found to bring about growth-promotion. It is 


still quite uncertain, however, whether promotion of growth is actually 


exerted through a mechanism similar to that affeeted by the sterols proper. 
It might, for example, be possible that saponins with their marked surface 
properties affect in some unknown manner the wetting or other relations to 
water of embryos and seedlings in culture. Still, the growth-promotions 
brought about in these experiments by the steroidal saponins are striking 
and deserve further chemical attention. 

Do the growth-promotions and growth-inhibitions by sterols and steroidal 
materials deseribed in this paper and in earlier work have any relation to 
the normal growth of the plant? This question cannot be answered since 
such elementary facts as whether or not sterols and steroidal materials are 
transported within the plant so that they might then act in hormonal capaci- 
ties are not known. Neither is there any insight into the biochemical role 
of sterols and steroidal materials. That sterols may indeed play significant 
physiological roles is, however, suggested by the occurrence of estrogenic 
substances in plant material coupled with the faet that such estrogenic sub- 
stances as estrone can be shown as in the present case to possess specific 


physiological activity for higher plants. 


Summary 


The embryos of mature pea seeds respond by increased growth when they 
are supplied in aseptic culture with certain sterols or steroidal materials. 
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Of the seventeen sterols and steroids tested, only one, estrone, possessed the 
activity of significantly increasing growth of pea embryos in culture. Other 
compounds and in particular, testosterone, were highly effective in inhibition 
of growth. Naturally occurring plant sterols such as ergosterol, stigma- 
sterol, and sitosterol were without effeet on pea embryo growth. The 
steroidal saponins both in crude preparation and in one instance in chemi- 
cally pure form exert marked effeets in increasing the growth of excised pea 
embryos. 


This work was made possible by generous samples of pure compounds by 


the following individuals: Dr. W. G. Bywater, 8. B. Penick & Co.; Dr. Karl 
Folkers, Merck & Co., Ine.; and Dr. Abraham White, Chemical Specialties 
Co., Ine. 
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Introduction 
Reeent studies (1, 3, 4) have demonstrated that the salts of trichloro- 
acetic acid (TCA) are soil sterilants and are, therefore, useful as herbicides 


for the control of annual and perennial weedy grasses. Since little informa- 


tion (1, 5) is available on the physiological action of TCA on plants, a study 


Was made to determine its effeet upon the various chemical constituents of 
Wheat seedlings. This paper presents data on respiratory activity and 
chemical analyses for amino acids, carbohydrates, and ether extract for the 
shoots and roots of wheat seedlings grown in soil treated with sodium tri- 
chloroaeetate and non-treated soil. 


Materials and methods 


Seeds of spring Wheat (var. Henry) were selected for uniformity of size 
and planted in sandy loam soil, contained in 40 flats. Each flat contained 
400 plants, and two replications of 2000 plants each, grown in treated and 
non-treated soil, were used to obtain the material for analyses. Appleation 
of TCA (formulated as the water-soluble sodium salt of trichloroacetic acid 
and supplied by the Dow Chemical Company of Midland, Michigan) was 
made by mixing the salt in the soil at a rate of 168 mg. per flat or the 
equivalent of 30 Ibs. per acre prior to sowing of the seeds. The soil pH was 
adjusted to 6.5 by the addition of lime. The application of TCA did not 
appreciably change the pH. The soil was kept moist with water for the 
duration of the experiment and the flats were kept in a greenhouse at tem- 
peratures ranging from 70 to 75° F during the day and 65° F at night. After 
14 days the plants were harvested, dried, and separated into root and shoot 
tissue. The material was further dred at 70° C and 5 mm. pressure for 
12 hours to constant weight, ground to pass through a 60-mesh sieve and 
stored in glass jars until analyzed. 

Amino acids were determined microbiologically with the organisins Lacto- 
bacillus arabinosus, Stre ptococcus faecalis, and Leuconostoc mesenteroides. 
The media used in the various determinations were essentially the same as 


those deseribed by SauBerRLicH and BAUMANN (6). Samples were prepared 


1 Published as Journal Article no. 1342 of the Michigan 
Station, East Lansing 
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for assay by the method deseribed by Srokes ef al. (10) with the exception 
of the tryptophan samples which were prepared according to the method of 
Woo.ey and SepreLe (13). Carbohydrates were determined by the proce- 
dure outlined by SELL et al. (7). The methods of analyses for nitrogen and 
ether extract were standard procedures (2) 

For respiration measurements plants were grown in treated and non- 
treated soil as previously deseribed. Before the measurements were made, 
the plants were washed in acrated, running tap water for two to three hours 
The rate of oxygen uptake was determined separately for shoot and root 
tissue of each plant in a standard Warburg apparatus in 0.02 M, pH 5.7 
phosphate buffer (9, 11). The shoots were eut into 5-mm. lengths for the 
respiration measurements While the roots were placed intact in the Warburg 


\ essels 
Results and discussion 


The germination of the seeds was not affeeted when planted in soil previ- 
ously treated with TCA. Signs of injury became evident about 10 days 
after planting when the seedlings developed roots, and the extent of injury 
increased as the root system became more widespread. The first noticeable 
symptom is the appearance of a vellow color at the tips of the older leaves 
Kventually the entire leaf turns vellow, and the basal part of the leaf 
thickens with the formation of a dark green color resulting in the death of 
the seedling. Plants grown in the treated soil show retarded growth and the 
degree of injury is dependent upon the quantity of TCA applied 

The results of the chemical analyses are summarized in tables I, 11, 11, 
and IV.) Kaech entry is the result of a single determination of each replicate 


TABLE I 


AMINO ACID AND NITROGEN CONTENT OF SHOOTS FROM WHEAT PLANTS GROWN 
IN SODIUM TRICHLOROACETATE TREATED AND NON-TREATED SOIL. 





Replicates of 


Replicates of 
sample crude protein 





Non-treated Treated Non-treated Treated 
soil i 


1 








% 


Nitrogen 
Protein (Nx 6.25) 
Methionine 
Lysine 

Valine 
Leucine 
Arginine 
Histidine 
Phenylalanine 
Isoleucine 
Threonine 
Tryptophan 
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The data in table I expressed as per cent. of amino acid in the sample show 
the following trends: The shoot tissue of the plants grown in treated soil 
contained more protein and arginine than that of the controls. The pereent- 
age of tryptophan was less in the soil-treated plants. Slight differences were 
noted for methionine, lysine, valine, leucine, histidine, phenylalanine, and 
threonine. The percentage of isoleucine did not change. Expressing the 
data in table Tas per cent. of amino acids in the erude protein, a somewhat 
different pattern Was observed. The shoot tissue of the soil-treated plants 
contained slightly less Ivsine, valine, leucine, histidine, phenylalanine, iso- 
leucine, threonine, and tryptophan than did the controls Approximately 
the same percentage of methionine and arginine was observed in both the 


plants gvrown In treated and non-treated soil. The data presented on the 
TABLE II 


AMINO ACID AND NITROGEN CONTENT OF ROOTS FROM WHEAT PLANTS GROWN 
IN SODIUM TRICHLOROACETATE TREATED AND NON-TREATED SOIL. 


Replicates Replicates of 
of sample crude protein 





Non-treated Treated Non-treated Treated 
soil soil soil soil 


l 2 l 2 





< 
or Lk oO 
© /o © % 


Nitrogen 3.09 2.92 3.39 3.30 

Protein (Nx 6.25) 19.31 18.25 21.19 20.63 

Methionine 17 16 20 «19 -88 -88 94 92 
Lysine 67 61 o7 66 3.50 3.34 3.40 3.20 
Valine -94 -93 1.03 1.01 4.87 5.10 4.86 4.90 
Leucine 89 81 -96 90 4.61 4.44 4.53 4.36 
Arginine 85 +76 1.06 94 4.40 4.16 5.00 4.56 
Histidine 23 21 032 32 41.19 #115 1.51 1.55 
Phenylalanine 50 47 057 56 2.59 2.58 2.69 2.71 
Isoleucine 30 +34 36 33 061.655 81.86 1.70 1.60 
Threonine 73 -66 75 69 3.78 3.62 3.54 3.34 
Tryptophan 017 16 «20 19 -88 -88 -94 92 





basis of percentage of protein in the sample indicate that there is an accumu- 
lation of protein. The differences in amino acids are not as pronounced as 
Was noted in the tissue treated with 2,4-dichlorophenoxyacetic acid (8, 12). 
The results expressed as per cent. of amino acid in the erude protein suggest 
that the nature of the protein has changed since the percentage of amino 
acids are, as a rule, less in the soil-treated tissue than in the controls. This 
would indicate that the TCA has an effect on the metabolisin of proteins and 
amino acids. 

The results in table IT show only a slight increase in the percentage of 
protein and amino acids in the root tissue of the soil-treated plants. When 
expressed as percentage of the crude protein, little difference was observed 
in most of the amino acids with the exeeption of histidine and arginine 
which was slightly greater in the plants grown in the treated soil. The data 
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TABLE III 


CARBOHYDRATE AND ETHER EXTRACT CONTENT OF SHOOTS FROM 
WHEAT PLANTS GROWN IN SODIUM TRICHLOROACETATE 
TREATED AND NON-TREATED SOIL. 


Reducing sugar 
Non-reducing sugar 
Starch 

Other polysaccharides* 
Ether extract 
Unsaponifiables** 
Fatty acids** 


**Chlorophyll free. 


Non-treated 
replicates 

l 

% 
2.90 
8.20 
0.65 
9.20 
5.37 
1.02 


1.57 


2.93 
8.49 
0.72 
8.62 
5.37 
1.05 
1.27 


*Acid hydrolyzable residue from starch determinations. 


‘Treated 
replicates 
9 


or 
c 


3.58 
2.92 
1.26 
10.72 
2.47 
0.5¢ 


0.83 


in tuble III show rat shght nerense the yy reentage ol reducing sugar and 
acid-hydrolyzable polysaccharides in the shoots of the soil-treated wheat 
plants. On the other hand, a large decrease was noted in the percentage of 
non-reducing sugar, ether extract, unsaponifiable material, and fatty acids. 
An increase Was observed in the percentage of starch. In the roots (table 
IV) there was a higher percentage of reducing sugar and starch in the soil- 
treated plants than in the controls. Little difference was noted in the per- 


centage of the non-reducing sugar and ether extract as a result of soil 


treatment. Only a slight reduction was observed in the acid-hydrolyzable 
polysaccharide due to soil treatment. The decrease in the percentage of 
non-reducing sugar in the shoots, the large increase of reducing sugar and 
starch in the roots, and the accumulation of protein in the shoots of the 
TCA-soil-treated plants suggest that the depletion of non-reducing sugar in 


the shoots results from its partial utilization in protein synthesis and the 


TABLE IV 


CARBOHYDRATE AND ETHER EXTRACT CONTENT OF ROOTS FROM 
WHEAT PLANTS GROWN IN SODIUM TRICHLOROACETA''E 
TREATED AND NON-TREATED SOIL, 


Reducing sugar 
Non-reducing sugar 
Starch 

Other polysaccharides* 
Ether extract 


*Acid hydrolyzable residue from starch determinations. 


Non-treated 
replicates 


3.8: 
3.0 3.44 
et 1.67 
20.95 21.05 
2.86 3.02 


Treatec 
replicates 
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TABLE V 


RESPIRATORY ACTIVITY OF SHOOT AND ROOT TISSUE FROM WHEAT PLANTS 
GROWN IN SODIUM TRICHLOROACETATE TREATED AND NON-TREATED 
SOIL AS MEASURED IN A WARBURG RESPIROMETER. 


Ratio of treated 


hI. Oxygen/hr./mg. fresh weight* 


Day Control tissue l'reated tissue to control 


Leaves Roots Roots Leaves Roots 


10 0.39 0.17 0.50 0.36 1.28 2.12 
20 0.47 0.18 0.53 0.28 1.13 1.56 


*Average of three determinations. 


remainder possibly being translocated to the root tissue in the form of 
reducing sugar and stored as starch 

Further evidence of accelerated metabolism in the TCA-soil-treated 
shoots and roots Was apparent from the data obtained in respiratory meas- 
urements (table Vj). The oxygen uptake was greater in the soil-treated 
plants at the end of a 10- and 20-day period. No increase in oxygen uptake 
Was observed in plants grown three days in the TCA-treated soil. The ratio 
of the treated to the control was approximately the same in the shoots at the 
end of 10 and 20 days. In the root tissue a decrease was noted in the ratio 
at the end of a 20-day period. 


Summary 


The shoots of wheat plants grown in soil treated with the sodium salt 
of trichloroacetic acid contained more protein, arginine, reducing sugar, and 
acid-hydrolyzable polysaccharide on a per cent. basis. Slight differences 
were noted in the other amino acids and starch with the exeeption of trypto- 
phan which was less in the soil-treated samples. A decrease was observed 
in the percentage of non-reducing sugar, ether extract, unsaponifiable mate- 
rial, and fatty acids of the soil-treated plants. The data expressed as per 
cent. of amino acid in the erude protein showed approximately the same 
amount of methionine and arginine and slightly less of the other amino aeids, 

The roots of plants grown in soil treated with sodium trichloroacetate 
showed a slight increase in the percentage of proteins and amino acids and 
also an increase in reducing sugar and stareh. Little difference was noted 
in the amino acids (expressed as percentage of crude protein) with the 
exception of histidine and arginine which were slightly greater in the soil- 
treated plants. The presence of sodium trichloroacetate in the soil did not 
greatly alter the percentage of non-reducing sugar and ether extraet. 

Respiratory activity was greater in both the shoots and roots of the 
plants grown in soil treated with sodium trichloroacetate 


This research was supported by funds from the Horaee H. Rackham 
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Introduction 


Inheritable dwartness in higher plants is generally believed to be related 
to measurable auxin metabolism. VAN Overbeek (12, 13), who investigated 
six of the dwarfs of maize, found in each ease a lower production of auxin 
in the dwarf than in the normal sib. The destruction of auxin in the nana 
dwarf was compared with that in the normal sib, and was found to be 
greater than in the normal. This higher auxin destruction was coneluded 


to be the eause of the redueed growth in the nana dwart. Hinperer (7) was 


able to correlate the degree of dwarfness of KE pilobium hivbrids inversely 


with auxin production. De Haan and Gorrer (5) compared a tall-stemmed 
variety with a short-stemmed variety of Pisum and found the short-stemmed 
variety able to inactivate a greater quantity of auxin than the tall. 

There are, however, various characteristics associated with dwarfism in 
maize (6) whieh make it difficult to accept these simple differences im auxin 
metabolism as its fundamental cause. At least 20 distinct dwarfs of maize 
have been recorded (6) Those for which genetic data are available are 
simple recessives, and the loei involved have been located on seven of the 
ten chromosomes. Several of these dwarfs (any, ans, dy, dy) produce stamens 
in the pistillate inflorescence, while another (erp) bears seed on the stamainate 
tassel. An abnormal number of tillers is commonly rroduced, and leaves 
nay Varv from the normal in texture, thickness, area, and shape The 
remarkable range of variation in type of dwarfing is apparent in the follow- 
ing group: internodes uniformly shortened (an,), internodes uniformly 
shortened but with other organs of normal size (br), all internodes shortened 
except the one immediately below the tassel (nay), internodes mimediately 
below the tassel most shortened (dg), and internodes immediately above and 
below the ear shortened, with others of normal length (bv). Dr Haan and 
GorTER (5) have observed that the short and long-stemmed peas used in 
their investigation also differed in many characteristies other than longitudi- 
nal growth. 

It would seem worthwhile to extend auxin investigations to other varie- 
ties Within these two species, and to other species as well. If the concept is 
generally verified, it would be desirable to elucidate the mechanics of the 
causal reaction, and to investigate the pathway by which the divergent 


expressions of the reaction are reached 


1 Present address: Research Division, Peterson-Dering, Seappoose, Oregon 
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Materials and methods 


These studies were made with two commercial varieties of Pisum, Tele- 
phone and Dwarf Telephone. Etiolated seedlings were used throughout the 
investigation. They were found to be more readily adapted to experimental 
techniques than green seedlings, and the difference in height between dwarf 
and tall is more pronounced and more quickly attained in the etiolated state. 
Seeds were sterilized in 0.50% NaOCl for five minutes and germinated in sand 
ina dark room (25° C) at high humidity. Low intensity red light was used 
for all necessary illumination. 

Two methods of auxin determination were employed. A colorimetric 
test, with the Salkowski FeCl, reagent as modified by Tanc and BONNER 
(10), was used to determine residual indoleacetie acid (LAA). An aliquot 
of the experimental solution (2 ml.) was added to 8 mi. of the color reagent, 
and the color intensity was read in a Klett colorimeter after a 30-minute 
development period at room temperature 

The standard Avena test (14) was used to measure the decrease in bio- 
logieal activity of extrinsie IAA, and also to estimate quantities of native 
plant hormone. Experimental solutions were extracted with purified ether, 


the ether evaporated off on a water bath, and the test material made up to 


0.8 mil. with 1.5% to 2.5% agar. Twelve test blocks were prepared from 
this solution, each 11.9 cu. mm. in volume. Three standardized controls 
were used and will be indicated by letter in this report as follows: type A, 
0.08 y IAA made up to same volume as the experimental sample with the 
appropriate buffer, incubated for three hours, extracted as usual and the 
dried extract made up to 0.8 ml. with 20 agar; type B, 0.08 y IAA made up 
to 0.8 mi. with 2% agar; type C, 0.04 y IAA made up to 0.8 ml. with 2% 
agar. The concentration of the type B control (100 y per liter) is usually 
just below the upper limit of the proportionality range of dilution for the 
Avena test under the conditions of this laboratory. Control A is used to 
reveal any loss of activity caused by the method of handling test solutions, 
and controls B and C are used to establish the sensitivity of the test plants. 
Kach value reported for the Avena test is the average of 12 test plants. 


Results 


A comparison of the growth habit of the dwarf and tall etiolated pea 
seedlings is shown graphically in figure 1. Height of the stems was meas- 
ured from soil level to the lowest leaf-seale of the apical bud. Weight rela- 
tionships of the dwarf and tall etiolated seedlings, 12 days after planting, 
are shown in table I. It is evident that the dwarf plants grow approxi- 
mately one half as rapidly in height as do the tall plants. Differences in 
weight are less pronounced. The problem is to determine whether or not 
this quantitative difference in growth is related to a difference in auxin 
metabolism. If the growth of the dwarf is limited ultimately by a low level 
of available auxin, it should be possible to overcome the limitation by pro- 
viding the plant with additional growth hormone 
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Fie. 1. Growth of dwarf and tall etiolated pea seedlings. Solid line: growth as 
height of stem of intact etiolated plants. Broken line: rate of growth as increment per 
24 hours. Averages of 36 plants. Tall > dwart ° 


EFFECT OF [TAA ON GROWTH OF INTACT ETIOLATED SEEDLINGS 


Dwarf and tall seedlings were grown in groups of 12. Six days from the 
time of planting, the etiolated seedlings were sprayed with IAA at a concen- 
tration of 2 mg. per liter. Duplicate groups of control plants were sprayed 
with distilled water. Both ITAA and control spray solutions contained a 
small quantity of wetting agent. The treatment was repeated 22 hours after 
the initial spraying. The entire experiment was conducted in a dark room 
maintained at 24 to 27° C and 70 to 80% humidity. Low intensity red light 
Was used when necessary. Response was measured as the increase in height 
of the seedling from the time of the first application. Measurement was 
made from soil level to the lowest leaf-seale of the apieal bud. The results 


TABLE I 


WEIGHTS OF DWARF AND TALL ETIOLATED PEA SEEDLINGS 12 DAYS 
AFTER PLANTING. AVERAGES OF 12 PLANTS. 


Roots ‘Tops 


Fresh Dry Dry Fresh Dry Dry 
weight weight weight weight weight weight 


Height 








cm. mg. mg. % mg. mg. % 


Tall 27.6 282 25 8.9 1072 62 5.8 
Dwarf 15.0 260 21 8.1 8il 54 6.7 


54.3% 92.2% 84.0% 75.5% 87.1% 
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shown graphically in figure 2 represent the average of three groups of 12 
plants each. It may be seen that the auxin treatment increased the growth 
rate of the dwarf, but inhibited the growth rate of the normal plant. Inecreas- 


ing the concentration of [AA to 3 mg. per liter and increasing the frequeney 


of apphieation did not increase the measured response. 

If this difference in response to exogenous IAA is to be analyzed, it is 
necessary to define its cause in terms of the over-all auxin metabolism of 
the two varieties. In order to do so, data must be assembled concerning as 


many phases of the auxin metabolism as are amenable to direct attack. In 


@ 3 i) 
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50 
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ig. 2 Influence of LAA on growth of etiolated dwarf and tall pea sec dlings 
Apphed as a spray, 2.0 mg. per liter. Increase in height from time of application 
Average of 36 plants. Solid line: tall. Broken line: dwarf 


this effort, experiments have been designed to measure auxin inactivation, 
diffusion of auxin, content of free and combined auxin and ability to produce 
auxin from tryptophane. 


INACTIVATION OF TAA BY MACERATED EPICOTYL 


COLORIMETRIC METHOD.—Epicotyls of specified age were harvested and 
Washed They were macerated in a chilled blender in the cold room with 
the use of cold citrate-phosphate buffer, 0.1 to 0.2 molar, pH 6.8 or 7.0.) This 
preparation Was filtered through coarse filter paper under suction. The fil- 
trate Was made to volume with buffer, and aliquots withdrawn for the reae- 


tion mixtures. Each reaction mixture was made up of 20 mi. of the filtrate 
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plus 20 ml. of IAA solution, 20 mg. per liter. A control of filtrate plus buffer 
Was prepared, primarily to provide a correction for the increase of turbidity 
during the incubation periods. Aliquots of 2 ml. were withdrawn from the 
reaction mixture at specified periods and mixed with the color reagent. The 
colorimeter reading on the turbidity blank was subtracted from the experi- 
mental reading, and the residual TAA in the aliquot estimated from a stand- 
ard curve. The number of epicotyls and the fresh weight of tissue repre- 
sented by each reaction mixture Was caleulated as a fraetion of the original 
filtrate. In table I], data have been included to show the effeet of seedling 
age. Auxin destruction as measured in this way appears to be nearly identi- 
eal in dwarf and tall plants. Similarly, separation of epicotyls into apical 
and basal halves failed to reveal any difference between dwarf and tall. No 
inactivation Was found after heat denaturation of the filtrate 


TABLE II 


INACTIVATION OF IAA BY FILTRATE OF MACERATED EPICOTYLS OF DWARF 
AND TALL PEA, COLORIMETRIC DETERMINATION, INITIAL 
CONCENTRATION OF IAA. 10 MG. PER LITER. 





IAA inactivated 


Per epi- Per gram 
tissue cotyl 


‘ug. /1 he, 


Per epi- 


tissue 





Tall 47 15 60 

Dwarf § 47 15 61 20 
Tall 35 17 56 28 
Dwarf 34 16 53 25 
Tall 10 30 26 40 35 
Dwarf 10 32 25 43 34 





AVENA TEST.—Etiolated epicotyls were macerated at low temperature 
and filtered in the same manner as for the colorimetric method. TAA was 
added to the filtrate and the mixture made up to volume. In some experi- 
ments an excess of IAA and a long incubation period were employed, after 
which the reaction mixture was heated to boiling, acidified to pH 3.0 (glass 
electrode) and extracted with ether. Serial dilutions were then made from 
the extract. It was found more satisfactory, however, to add to the reaction 
mixture a quantity of TAA near the upper limits of the proportionality range 
of the Avena test, and then to hold three aliquots of standard volume for 
incubation periods of zero, one, and three hours, respectively. This proce- 
dure was followed, after denaturation, by acid-ether extraction without 
subsequent dilution of the extract. With this method, the zero-time aliquots 
are expected to give a curvature approximately equal to that of control 
tvpe B. The relative TAA inactivating potentials of seven-day-old dwarf 
and tall etiolated peas, as determined by the method outlined, are shown in 
table IIT. Again auxin destruction is nearly identical in the two forms. 
Plants five days old or 10 days old showed the same similarity between the 
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dwarf and tall. Heat denaturation of the crude filtrate was found to elimi- 
nate effectively the inactivation of IAA. This result is in agreement with 
that of the colorimetrie method 

In order to compare the pH optima of the inactivation in dwarf and tall 
plants, fresh tissue was ground in glass-redistilled water and the filtrate was 


TABLE Ill 


INACTIVATION OF IAA BY ETIOLATED DWARF AND TALL PEAS SEVEN 
DAYS OF AGE, FILTRATE OF MACERATED EPICOTYLS, DETER- 
MINATION BY AVENA TEST, INITIAL CONCENTRATION 

OF ADDED IAA: 4,0 MG. PER LITER. 


Inactivation in 
curvature per 
gram fresh 


weight 


Inactivation in 
degrees of 
curvature 


Incubation IAA in degrees 
period of curvature 


Ars. = 


Control A 3 16.9 + 0.36 
Control B ; 18.5 + 0.47 
Control C é; 9.8 + 0.39 


Tall 16.9 + 0.43 
5.9 + 0.38 
0 


Dwarf 0 17.1 0.59 
1 6.3 + 0.39 10.8 15.2 
3 0 


lyophilized. Portions of the lyophilate were taken up in phosphate-citrate 
buffer at each pH level. The [IAA was added, the reaction mixture made up 
to volume with phosphate-citrate buffer, and the pH adjusted. The mixture 
Was then incubated for one hour at room temperature and the remaiming 
IAA determined by the Avena test. The IAA destruetion by both the dwart 
and tall plants was greatest over the pH range 6.0 to 6.8. 


INACTIVATION OF TAA BY EPICOTYL SECTIONS 


Terminal buds were removed from etiolated seedlings seven days after 
planting. One hour after the decapitation, a 2-mm. section of epicotyvl was 
excised from each seedling at a point 2 mm. below the previous eut. Each 
section Was immediately placed, base down, upon an agar block containing 
100 y IAA per liter. Contact between the agar bloek and the basal eut sur- 
face of the epicotyl section Was maintained for one half, one, and three 
hours, respectively, for three separate groups of 12 test blocks each. The 
entire experiment was condueted in darkness interrupted when necessary 
only by low intensity red light. Over the three-hour period, close control of 
humidity and temperature Was necessary to avoid drying of the agar. The 
IAA remaining in the test blocks was determined by the Avena test. The 
data in table [LV compare TAA destruction by dwarf and tall plants, as shown 
by this method, and indicate no difference in the two forms 
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TABLE IV 


INACTIVATION OF IAA BY EPICOTYL SECTIONS. DETERMINATION BY 
AVENA TEST. INITIAL CONCENTRATION IAA: 100 ~ PER LITER. 


Remaining IAA Inactivation of 
in degrees of IAA in degrees 
curvature of curvature 


Contact 





Control B 7.7 £0.56 
Control C 8.9 + 0.69 


Tall 17.5 £0.72 
15.1 + 0.80 
11.6 + 0.79 


Dwarf : 18.0 + 0.64 
14.7 + 0.84 
12.1 + 0.56 





AUXIN DIFFUSION FROM EXCISED APICAL BUDS 


Apical buds were removed from etiolated dwarf and tall pea seedlings by 
cutting with a fine blade at a point 2 mm. below the lowest leaf-seale of the 
bud. The excised buds were immediately mounted between two glass plates, 
as deseribed by VaN OverBEEK (11). Six buds were mounted between each 
pair of plates, and the whole assembly placed in a Petri dish lined with wet 
filter paper. A standard size Avena test block (80 agar) was applied to 
the cut surface of each bud. After a specified period of time, the agar bloeks 
were removed and the auxin content of each block was determined by the 
Avena test. The test blocks desiceate rapidly even at 90% humidity, and 
the accuracy of the method is easily destroyed. Therefore the test blocks 
were removed after each one-hour period and fresh blocks were immediately 
installed. Low intensity red light was used for necessary manipulation, 
Table V shows that the quantities of auxin obtained from the two types of 
plants seven days old were remarkably similar. This similarity between 
dwarf and tall was found to exist as well in younger and older plants, five 
and 10 days of age. Apical buds of the plants 10 days old, however, diffused 
less auxin than the younger ones. 

TABLE V 


AUXIN DIFFUSED FROM ABSCISED APICAL BUDS OF ETIOLATED PEA SEEDLINGS 
SEVEN DAYS OF AGE, AVENA TEST, AVERAGES OF 12 BUDS. 


Auxin in degrees of curvature 


First hour Second hour Third hour Fourth hour 
period period period period 


Control B 18.3 + 0.66 
Control C 10.8 + 0.61 


Tall 12.7 + 0.71 10.3 + 0.53 3.8 $0.37 
Dwarf 13.2 + 0.59 19.7 + 0.50 4.3 + 0.39 
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ETHER EXTRACTABLE AUXIN 


Ktiolated epicotvls were harvested seven days after planting, washed in 
distilled water and rinsed in ether. They were then held under an excess 
(approximately 400 mil.) of purified ether for 20 hours at 0 to 2° C. The 
ether was decanted off, and the epicotyls washed with two small portions of 
fresh ether. The combined solvent was distilled off, and the residue made 
up to 0.8 ml. with 2% agar. Serial dilutions were made from this prepara- 
tion, and the extracted auxin determined by the Avena test. Auxin contents 
of the dwarf and tall, as measured in this way, were essentially identical. 
The values shown in table VI are substantially values of the free auxin con- 
tent of the tissue since the low temperature used for extraction is known to 
minimize auxin production during the extraction period, 


TABLE VI 
AUXIN EXTRACTABLE FROM INTACT ETIOLATED EPICOTYLS OF 
DWARF AND TALL PEAS WITH COLD ETHER, PERIOD: 
20 HOURS. DETERMINATION BY AVENA TEST. 


Number of \uxin in \uxin in degrees of 
epicotyls Dilution degrees of curvature per gram 
extracted curvature fresh weight 


Control A 16.3 + 0.41 
Control B 17.1 + 0.43 
Control C + 0.36 


all 17-3 ZX 202: 


15.8 + 0.79 
8.0 = 0.63 


Dwarf 16.2 © 1.73 
5 16.2 £0.51 
025 8.6 = 0.55 


AUXIN RELEASED BY ALKALINE HYDROLYSIS 


Ktiolated epicotyls were harvested seven days after planting, macerated 
in a blender with phosphate-citrate buffer at pH 7.0, and filtered. The 
filtrate was placed under a layer of toluene, ailowed to remain at room tem- 
perature for three hours and was then lyophilized. Samples of the lyophilate 
were taken up in 0.05 molar BOsg-KCI buffer at pH 9.6 and then either held 
in a boiling water bath for 30 minutes or refluxed for 15 hours. The hy- 
drolysate was cooled, acidified to pH 3.0 and extracted with ether. The 


ether was distilled off and the auxin content of the residue determined by 


the Avena test (table VIL). Auxin levels before hydrolysis were not deter- 
mined for this experiment, but approximate equality of dwarf and tall may 
be assumed from previous determination. No difference in auxin content 
was revealed, 


CONVERSION OF TRYPTOPHANE TO AUXIN 


Two random samples each of dwarf and tall etiolated epieotyls, seven 


days of age, were cut into two-inch lengths. One suimple Ol each variety Wiis 
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TABLE VII 


AUXIN RELEASED FROM ETIOLATED EPICOTYLS OF DWARF AND TALL PEAS 
UNDER ALKALINE HYDROLYSIS. DETERMINATION BY AVENA TEST. 





A DWARF PE 





Lyophilized Method of 


tissue 


hydrolysis 


Auxin in 
Dilution degrees of 


curvature 


Auxin in degrees of 
curvature per gram 
fresh weight 





Control B 
Control C 


Tall 
Dwarf 
Control B 
Control C 
Tall 


Dwarf 


mg. 


200 


200 


Half hour 
bath 


Half hour 
bath 


15 hours 
reflux 


15 hours 


033 
ol 


033 


16.2 + 0.65 
8.4 t 0.66 


18.7 + 0.73 
9.4 0.77 


19.3 + 0.73 
8.9 + 0.65 


17.5 t 0.65 
8.2 t 0.62 


20.0 + 1.00 
7.7 = 0.60 


9.5 
12.2 


10.5 


91.1 = 1.39 
reflux of 7.1 $0.59 11.8 


immersed in 20 ml. of 0.1 M phosphate buffer, pH 7, and the second sample 


Was Immersed in 20 ml. of the same buffer containing 10 mg. of tryptophane. 
The samples were infiltrated under low pressure for 30 minutes and then 
incubated under toluene at 22° C for three hours. Each sample was rinsed 
C for 
The ether was decanted off, and the tissue rinsed with small vol- 


with distilled water and held under 250 ml. of purified ether at 0 to 2 
20 hours. 
umes of fresh ether. The supernatant and washings from each sample were 
The auxin content of the residue was 
TABLE VIII 


CONVERSION OF TRYPTOPHANE TO AUXIN BY ETIOLATED EPICOTYLS 
OF DWARF AND TALL PEAS, DETERMINATION BY AVENA TEST. 


combined, and the ether distilled off. 


Estimated 
conversion 
in curvature 
per gram 
fresh weight 


Estimated 
conversion 
in degrees 
curvature 


Auxin in 
degrees of 
curvature 


Concentration 
of tryptophane 
in medium 


Dilution 


mg./ml. 
Control B 
Tall 


16.2 £0.82 


7.8 + 0.64 
3.5 + 0.49 
18.8 + 0.60 
9.4 + 0.57 


7.0 + 0.45 
2.8 + 0.45 
17.9 + 0.86 
9.3 t 0.84 


Dwarf 
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determined by the Avena test. The results (table VIII) do not indieate a 
significant difference in the ability of the two varieties to convert trypto- 
phane to auxin. 
Discussion 

The degree of dwarfness of the pea variety Dwarf Telephone is estab- 
lished by the growth data given in figure 1 and table I. The height of the 
dwarf is roughly only half that of the tall. In contrast, the fresh weight of 
the dwarf epicotyl is 75% that of the tall, and the dry weight nearly 90%. 
This is precisely the sort of relationship which might be predicted for an 
auxin deficiency. There are numerous conceivable aberrations in auxin me- 
tabolism which might reasonably be expected to result in dwarfism. The 
most obvious of these are an exaggerated destruction of the auxin molecule 
without contribution to the growth process, a subnormal capacity for auxin 
synthesis, an inability to utilize auxin in normal quantities, and an abnor- 
mal competitive requirement for auxin. If the first of these hypothetical 
situations in fact exists, the inactivation of the hormone should easily be 
proved to be greater in the dwarfed plant than in its tall sib. TaneG and 
BonNeR (10) have demonstrated the enzymatic inactivation of [AA in one 
variety of pea seedlings, and Larsen (8) has shown that an enzyme capable 
of inactivating IAA occurs in bean seedlings 30ONNER and WILDMAN (3) 
mention the occurrence in plant tissues of an inhibitor of this enzyme sys- 
tem. Thus, an excessive destruction of LAA in the dwarf might be a result 
either of an effective increase in an enzyme system, or a low inhibitor level 
for that system. 

VAN OverBEEK (12) concluded that the restricted growth of the nana 


dwarf of maize is the consequence of a large destruction of growth substance, 


and that the high rate of destruction, as compared to the normal sib, may 


reflect the oxidation-reduction situation in the two varieties. Similarly, 
Dr HAAN and Gorter (5), from their investigation of a short-stemmed pea, 
concluded that auxin is inactivated in this organism by oxidizing enzymes 
and that the length of stem of the variety is determined by its content of the 
enzymes. 

Results of the present investigation, however, fail to show that the dwarf 
and tall pea seedlings differ significantly in their ability to inactivate IAA, 
Studies using both the colorimetric determination of LAA and the Avena test 
indicate that the system may be inactivated by heat, and that it shows an 
order of activity and a pH optimum similar to that reported by TANG and 
Bonner (10). Both the dwarf and tall pea have a pH optimum for the 
inactivation in the range of 6.0 to 6.8. It is of interest to note that the 
measurable inactivation of LAA decreases as the age of the plant increases 
from five to 10 days and that the basal half of the epicotyl is a less pro- 
ductive source of the enzyme than is the apical half. Although studies of 
macerated tissues do not conclusively define the normal regulatory system 
of the intact plant, in this ease it may be assumed that no substantial differ- 
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ence of the type under consideration is masked by the disorganization. This 
assumption is substantiated by use of the technique utilized by Van Over- 
BEEK (12, 13), and by De Haan and Gorrer (5), in whieh an excised section 
of epicotyl] is placed in contact with known quantities of LAA. The resultant 
inactivation does not indicate any distinetion between the dwarf and the 
tall. It is important that the epicotyl sections for this procedure are taken 
only from the growing zone, since any inactivation of auxin which is to 
directly affeet growth in length of these seedlings must occur in or above 
this region. 

The possibility of an aberrant auxin synthesis in the dwarf plant has 
been considered by previous workers. The production of auxin by coleoptile 
tips of dwarf maize was determined by Van Overserk (12, 13) with the 
diffusion method. With plants four days of age, more growth substance was 
obtained from coleoptile tips of the tall seedlings than from those of the 
dwart. By the age of seven days, however, this difference was no longer 


discernible in three of the dwarfs tested, nana, dwarf 2, and pigmy. De 


Haan and Gorver (5) used the same method to determine the auxin produc- 
tion of the terminal buds of a long and a short-stemmed pea. Measure- 
ments for the first two and one half hours of diffusion indieate that the 
dwarf actually produced more auxin than the tall sib during that period. 
From the evidence presented, it appears very doubtful that the total quan- 
tity of auxin obtained from the tall pea during the four and one half hours 
of the experiment would equal that from the dwarf. It would also seem that 
the normal situation within the plant would be more accurately represented 
by the earliest periods of this type of experiment. The assumption that a 
high rate of auxin destruction in the dwarf overcomes its initial superiority 
in production is highly questionable. 

In the present investigation, the diffusion method has failed to demon- 
strate any difference between dwarf and tall peas in the production of auxin 
at an age of five, seven, or 10 days. Measurable diffusion of auxin was 
found to decrease rather sharply over four suecessive one-hour periods fol- 
lowing isolation of the apieal buds. Went and THiMann (14) have stated 
that only small amounts of auxin are obtainable from the apical buds of 
Pisum by diffusion, and in this regard the present results are a noteworthy 
exception. In considering results of the diffusion method, it is prudent to 
observe that both auxin synthesis and auxin release may be involved, 

The content of free growth substance at a given time must be the conse- 
quence of a number of processes: the sum of synthesis and release less the 
quantities utilized, destroyed and bound. An effective divergence of the 
subject organisms in the course of any one of these contributing processes 
may be expected to be disclosed by determination of the free auxin content, 
For this purpose, a 20-hour, cold ether extraction of intact epicotyls was 
used. The dwarf and tall evidently contain nearly identical quantities of 
free auxin. Calculation from data given in table VI indicates a total extrae- 
tion of auxin roughly equivalent to 150° of Avena curvature per epicotyl, as 
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compared to a measurable diffusion of approximately 10° per apieal bud per 
hour for both dwarf and tall. Certain enzymatic activity is expected to con- 
tinue at a low rate under the conditions of these extractions, and it is proba- 
ble that synthesis, release and inactivation of auxin all occur to a slight 
extent during the extraction period. Regardless of these activities, the data 
so Obtained may be assumed to approximate the relative auxin contents of 
the two organisms at this availability level. This equality is in agreement 
with the data on production and inactivation of the hormone, but is not 
easily reconciled with the differential response to exogenous TAA. 

WitpMaAN ef al. (16) have demonstrated an enzyme system 1n spinach 
leaves capable of converting tryptophane to an active growth substance, 
probably TAA, and it is suggested by these authors that this may well be the 
final step in the biosynthesis of a native auxin. It is interesting to observe 
that a similar conversion does occur in both the dwarf and the tall pea. 
There is no evidence, however, that the two varieties differ in their respec- 


tive capacities for this conversion 


Auxin is known to occur in various plant tissues in an incorporated or 


bound state, in contrast to the free auxin which is active in the Avena test. 
Avery et al. (1) and Bercer and Avery (2) have shown that relatively large 
quantities of IAA ean be released from corn seed by alkaline hydrolysis. 
Skooc and THIMANN (9) found an-inerease in auxin in Lemna after enzy- 
matic proteolysis. WitpMAN and Gorpon (17) demonstrated that the auxin 
of spinach leaves is associated with proteins, and may be released by tryptic 
hydrolysis. WitpMan and Bonner (15) have further elucidated the nature 
of the auxin-protein relationship. Epicotyls of the dwarf and tall pea yield 
substantial quantities of growth substance upon alkaline hydrolysis, but it is 
upparent that the two do not differ in this respect. All pertinent evidence 
thus seems to justify the assumption of a striet quantitative similarity 
between the dwarf and tall in their individual capacities for auxin synthesis. 
The manner in which auxin is utilized by the plant to produce growth is 
not known, and it is necessary to consider the possibility that an incorpo- 
rated form of the hormone may be the functional one. Bonner and WiLp- 
MAN (3) have proposed that this may be the case, specifically for the pro- 
tein-bound auxin. Any aberrant situation inhibiting the formation of the 
auxin-protein might thus interfere with the growth process, and a depressed 
growth rate could occur even in the presenee of an adequate supply of free 
auxin. The present investigation has shown that alkaline-hydrolyzable 
auxin occurs In approximately equal quantities in the dwarf and tall pea. 
It has not been shown, however, that this released auxin represents, in each 
case, the same type of combination. The possibility remains that a large 
fraction of the bound auxin in the dwarf navy oecur as some inactive com- 
plex, with only a small remainder representing the active auxin-protein, 
Regardless of the form in which auxin exerts its influence, or of the 
mechanism of the action itself, a competition for the free auxin molecule at 
normal availability levels would be expected to result in a diminution of 


erowth It is, therefore, hecessary to consider the hy pothetical elreuimstance 
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in Which the growth reaction in the dwarf must compete with some undefined 


system for available auxin. The results of the present investigation provide 
limited evidence both for and against the possibility of such a situation. 
It is apparent that the auxin productivities of the dwarf and tall pea are 
very similar, if not identical, and also that the capacities for LAA inactiva- 
tion are equal. Presumably, then, a strong competitive demand for auxin 
in the dwarf would reduce the level of the free hormone to a point signifi- 
cantly below that in the tall pea. Both ether extraction and diffusion of 
auxin have failed to reveal a difference of this nature. The investigation, 
however, has demonstrated a difference in response Ol the two organisis to 
IAA applhed as a spray to the intact growing plants. At a concentration of 
2 mg. per liter, the growth of the dwarf shows an increase of about 830% over 
that of the control, while the growth of the tall pea is significantly repressed. 
The facts suggest that an active demand for IAA by the dwarf has been 
compled with, while toxie levels have been attained in the tall. It is diffi- 
cult to visualize a situation in which, in the dwarf pea, the supply of free 
Avena-active growth substance is not depleted in the presence of an unsatis- 
fied requirement for IAA, At the present time, there is no justification for 
postulating functional differences in the various auxins. Although an TAA 
response differential has been established, possibly reflecting a highly com- 
petitive situation in the dwarf pea, it has not been possible to induce the 
growth rate of the dwarf to approach that of the tall, even with higher con- 
centrations and more frequent application of auxin. The seemingly higher 
IAA requirement of the dwarf is evidently a secondary difference, and not 
the fundamental cause of dwarfism. An interesting contrast is found in the 
results of VAN OveRBEEK (12), where the curvature response of tall maize 


to auxin applied unilaterally was greater than that of the nana dwarf. 


Summary 


The investigation has shown that intaet dwarf and tall etiolated pea 
seedlings, variety Telephone, exhibit a differential response to applied TAA. 
Spray application of a 2 mg. per liter LAA solution to plants six days of age 
resulted in a 380% increase in growth of the dwarf, as compared to the con- 
trol, while growth of the tall variety was significantly repressed. Higher 
concentrations and more frequent applications did not increase the differ- 
ential response. Efforts to relate this differential response to some particu- 
lar aspect of the auxin metabolism were not successful. The two varieties 
are shown to give remarkably similar results to the following measurements: 
inactivation of IAA by macerated epicotyls as determined both colorimetri- 
cally and by the Avena test, approximate pH optima of the inactivation of 
IAA, inactivation of IAA by sections of epicoty!, diffusion of auxin from 
excised apieal buds, content of free auxin by cold ether extraction, release 
of auxin from epicotyls under alkaline hydrolysis, and the conversion of 
tryptophane to auxin by epicotyl sections. It is suggested that the differ- 
ence in response to exogenous TAA may not in itself indicate the funda- 


mental cause of dwarfism in this variety. 
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Introduction 


The essentiality of boron for higher plants was demonstrated (1) in 1910 
and extensively verified in the two sueceeding decades. Since then a volumi- 
nous literature has aeerued concerning the anatomical, morphological, and 
biochemical alterations of boron-deficient plants. Inasmuch as they are not 
pertinent to the following report, many of the specific or general roles that 
have been postulated for boron will not be discussed. By their omission the 
authors do not mean to imply that boron has no role or roles other than the 
one presented since, for example, the inverse relationship between boron 
level and per cent. moisture in plant tissues has been firmly established by 
Minartk and Suive (15) and others. To date, however, no one has demon- 
strated the exact role or mode of action of boron in higher plants. It is the 
purpose of this report to offer evidence for one role of boron. 

In view of the well-known reaction of the borate ion with OH-rich com- 
pounds and its recent application in the borating of sugars in order that they 
may be separated on ion-exchange columns (14, 18), the authors conceived 
and tested an hypothesis as to one essential role of boron in plants. The 
hivpothesis is that boron combines with sugar to form a sugar-borate com- 
plex (ionizable) whieh is translocated with greater facility than are non- 
borated, non-ionized sugar molecules. Inasmuch as most studies have indi- 
eated that suerose does not move readily through cellular membranes, the 
work reported herein was limited to suerose and the effeet of a few (5 to 10) 
parts per million of boron on its translocation. 

According to ZirrLe (26) the borate ton reacts most strongly with 


OH-rich compounds in which there are two OH groups in the cis position, 


Although the strueture of sucrose does not fulfill this requirement, there is 
ample evidence that there is a reaction with sucrose and that it involves the 
trans-1.2-diol groups. Further (26), it is suggested that the following strue- 
ture is formed with sucrose 


=C--~O 
B-OH H+ 
=C--0O 


1 Contnbution no. 2386 of the Marvland Agric ultural Ix} eriment Station, De parte 
ment of Botany. 


157 
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and not 


=sC--O 0--C- | =C--0 OH 
J 
B B 


y, \ 


/ ‘at 
| -C--0 eS =C--O OH 


as would be formed with certain sugars and other exrbohydrates, the form 
or forms varying with different conditions such as changes in concentration 


and pH. 
Methods and results 


The first experiments to test the hypothesis involved the Warburg uppa- 
ratus with which the effeet of boron on the rate of entry and translocation 
of the substrate (sucrose) could be studied. With this apparatus it was 
possible to measure the Os uptake of excised root tips. Some of these re- 
ceived, in addition to the base nutrient salts, only sucrose and others received 
sucrose plus 5 p.p.m. of boron as boric acid. Boron alone, at this concentra- 
tion, had no effect on the respiration of the root tips used in these studies. 

In certain cases the root tips did not respond to added sucrose owing to 
an internal source of carbohydrate (starch). Therefore, in order to get a 
response to added sucrose it Was sometimes necessary to excise the root tips 
from the germinating pea or lima bean seeds and to culture the tips in an 
oxygenated base nutrient solution for 18 hours to effect a comparatively low 
level of endogenous respiration. In all cases in whieh the root tips did re- 
spond to an exogenous source of sucrose, without exception a greater respi- 
ration (Oy uptake) occurred when 5 p.p.m. of boron was present in the 
sucrose and base nutrient solution. Inereases in respiration of 50 to 85% 
were observed after 10 hours (fig. 1 A,B,C and D) with greater percentage 
increases in the earlier part ol certain experiments. 

It should be borne in mind that these responses were obtained with root 
tips that were presumably adequately suppled with boron from the coty- 
ledons. In various experiments the inereases in respiration im the presence 
of boron did not oeeur with the same concentration of sucrose, It is sug- 
gested that the metabolic status of the root tips at the time they were used 
caused this variation with respect to the particular level of sucrose in which 
the boron effect occurred (fig. 1 A) or was most striking (fig. 1D). It would 
appear from the results that factors other than sucrose were limiting in cer- 
tain of the experiments. When this situation exists, the boron effeet with 
the higher level of sugar cannot possibly show up as an increase in respira- 
tion (fig, 1A and D). Reeognizing the possibility that a factor other than 
sucrose might limit the respiration, O, uptake could not be relied upon as an 
accurate measure of the translocation of all concentrations of sucrose (or its 
hydrolytic products) to the cells in the root tips 

It is recognized that many interpretations might be offered for this effect 
of boron, including the possibility that it is directly affecting some phase of 
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the respiratory mechanism. In view of the fact that such a role has not 


been established, this possibility is minimized, 


An alternative possibility is 
that the enhanced respiration is effected by an increase in the rate of entry 


and movement of the substrate to the respiring cells in the root tips. The 
Warburg teehnique yielded indirect evidence supporting this concept. 
In order to supplement the respiration studies, a tracer technique involv- 


ing labeled sucrose Was employed. This latter teehnique provided a direet 
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hic. 1. The respiratory utilization of sucrose by root tips as affeeted by 5 p.p.am 
of boron. Endogenous respiration of controls without added 


substrate has been sub- 
tracted. A,B: Five lima bean root tips per vessel; C, D 


Might pea root tips per vessel, 
All treatments were triplicated 


measure of the movement of sucrose (or its hydrolytic products) and, in 
contrast with the Warburg technique, did measure the full effeet of boron 
on translocation. A single leaf of an intact plant (24) was immersed into a 
solution of labeled sucrose. After various intervals of treatment (4 to 24 
hours) the plants were fractionated, the samples oven-dried, and the inten- 
sity of radioactivity in the various portions was determined. MiarcHeLe and 
Linper’s (17) technique was employed for preparing the samples of dred 


and ground plant material prior to counting with a windowless flow counter. 
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With tomatoes which had been grown in sand under a low level of 
mineral nutrition receiving no boron and depleted of carbohydrate by a 
48-hour period of darkness (24), the uptake of sucrose by an immersed leaf 
and its distribution throughout the plant were very rapid and striking when 
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Mig. 2.) The intensity of radioactivity (C") in various plant parts as a result of the 


movement of labeled sucrose (or its hvdrolvtie products) from «a lower leaf immersed 


for 24 hours in a solution of labeled sucrose or labeled sucrose plus boron All treat- 


ments were triplicated. A. Tomatoes cultured in sand 


strate, and subjected to 48-hour dark period priot 


receiving no boron in the sub- 
to and during treatment; B. Soil- 
grown tomatoes receiving complete nutrition and kept in the light; C. Soil-grown snap 
bean plants receiving complete nutrition and subjected to 


1 48-hour dark period prior 
to and during treatment 


10 p.p.am. of boron was supplied with the sugar (fig. 2, A-2). In the absence 


of additional boron the sucrose entered in small amounts and only into the 


stem near the point of attachment of the immersed leaf (fig. 2, A-1). There 
was no directional mobilization of sucrose to the stem tip and to the young, 


developing leaves such as occurred in the presence of boron (fig. 2, A-2). 
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These data show the striking magnitude of difference between the transloca- 
tion of sucrose (or its hydrolytic products) in plants deficient in boron and 
those adequately suppled with boron. 

Under a deficieney of boron the root tips die sooner than the stem tips 
(8) even though the root tips are the first to come in contact with the boron 
that is available. However, if boron deficiency symptoms are eaused by a 
deficiency of sugar, then it is understandable that the stem tips which are 
nearer the source of production of carbohydrates would be in a more favora- 
ble position and would live longer than the root tips. These observations 
are interpreted as evidence for the hypothesis that boron deficiency is actu- 
ally a matter of sugar deficiency. With a low level of carbohydrate in the 
plant the tops have been reported by HoacLanp (12) and others to utilize 
the available carbohydrate to the exclusion of the root system, resulting in 
higher top, root ratios. 

In an experiment with vigorously growing, young greenhouse tomatoes 
the presence of 10 p.p.m. of boron in the sucrose solution enhanced the entry 
and movement of sucrose into the stem and stem tip (fig. 2, B-2 compared 
with B-1), even though the plants were receiving boron from the soil and 
they were not depleted of carbohydrate by a period of darkness. This is 
consistent with the hypothesis proposed herein. The enhanced movement of 
sucrose could conceivably proceed even beyond the capacity of the plant to 
utilize all of the sugar as fast as it is being translocated. Eaton (11) ob- 
served that boron-toxicity symptoms and maximal growth overlapped in 
many of the species of plants which he studied. 

In an experiment with snap bean plants grown in soil and adequately 
supplied with boron but depleted of earbohydrate by a 48-hour period of 
darkness, the effeet of boron on the mobilization of sucrose by the stem tip 
is shown (fig. 2, C-2 compared with C-1). 


Discussion 

In a biochemical study of boron-deficient and sufficient plants, JouNsSTON 
and Dore (13) in 1928 reported that the leaves of boron-defieient plants 
have comparatively high concentrations of sugars and starch, whereas the 
concentration of sugars in the stems is low. Their data indieated that in the 
absence of adequate boron the translocation of sugars from the leaves to the 
stems is Impaired, but the authors attributed this to a breakdown of the con- 
ducting tissues, particularly the phloem. ASKEW et al (3) reported “un in- 


crease in the per cent. of sugar in raspberry fruits by a soil application of 


boron to certain field-grown plants. Likewise, in a very exhaustive study on 
the Eastern Shore of Maryland, Stark and Marrugews (22) found that the 


per cent. of soluble solids (mostly sugar) in cantaloupe fruits could be in- 
creased from around 8% to higher than 10% by spraying the leaves with 
either borax or magnesium sulphate solutions. It would appear that increases 
in the concentration of sugars in fruits of plants supplied with supplemental 
boron must be the result of an increase in translocation of sugar rather than 
an effect on photosynthesis, since the leaves of boron-deficient plants are 
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consistently, abnormally high in sugars and starch. Inasmuch as SHEAR 
et al. (21) have discussed evidence that the boron level in plants may by 
affected by the magnesrum level, it seems likely that the response to mag- 
nesium Was an indirect effect so far as the translocation of sugar in canta- 
loupe is concerned (22), the causal relationship in translocation being between 
boron and sugar. The facet that the application of magnesium and boron 
in combination did not result in a greater effect than with boron alone would 
also indicate that the enhanced sugar translocation was strictly a boron 
effect. Caleium could also affect the translocation of sugar indirectly through 
its well-established reiationship to the boron level in plants (6) 

The liypothesis presented and substantiated by the experimental data, 


presented herein, would account for boron deficiency symptoms. It is almost 


universally reported that root and stem tips die and that flowers and fruits 


abort and abseise. These are al! regions of high metabolic activity, there- 
fore requiring large amounts of sugar to sustain thei respiration and to 
permit their characteristieally rapid rates of growth. Waire-SreveNns (25) 
found that carbohydrates are deficient in the meristems and roots of boron- 
deficient plants, even though the leaves have an exeess of carbohydrate in 
all forms. It would appear certain then that, in the absence of adequate 
boron, certain parts of the plant die owing to a lack of sugar. It is sub- 
mitted that boron deficiency sVinptoms are an expression of sugar deficiency 
Went and Carrer (24) have shown by the spraying of sucrose solution on 
plants that the abseission of tomato flowers under high night temperatures 
Is cxtused hy an inadequacy of sugar, and that sugar (not auxin) is the limit- 
Ing tactor Flowers also abseise under boron deficiency In the hieht oO} 
Went and Carver's (24) findings and the researeh presented herein, an 
explanation is now available for the abortion and abseission of flowers 
associated with a defieleney of boron 

It is interesting to project this concept into a consideration of the forma- 
tion and translocation of hormones. The observations by ALEXANDER (2) 
and CHANDLER (8) that boron-deficient plants lose their capacity to respond 
to gravity would indieate that there is a relationship between boron and 
either the production or the translocation of hormones, or both. With 2.4- 
dichlorophenoxyacetic acid applied to bean leaves, Mircnete and Brown 
(16) observed that the movement of the growth regulator Wis associated 
with the movement of carbohydrate from the treated leaves. BRENCHLE) 
and THorntTON (5) reported that in the absence of boron a vascular connec- 
thon Was poorly if at all established between the nodules of legumes and the 
vascular tissues of the root. This differentiation may be controlled by 
growth regulators which also normally move in association with sugar, but 
hoth of whieh would fail to move in the absence of adequate boron The 
growth regulators mav actuate and control the differentiation, and earbo- 
hvdrate would certainly he required for the synthe ses associated with differ- 
entiation (e.g., cell wall thickening) It was not determined whether the 
increased fruit set of apparently healthy Anjou pear trees sprayed wit! 


boron (4) was caused by an increased translocation of sugar, growth regu- 
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lators, or both to the flower buds. However, Barsrr and THompson (4) 
report that Degman (unpublished work) could not increase the fruit set of 
Anjou pears by applying various growth-regulating chemicals. This latter 
work would indicate, as Went and Carrer (24) maintained, that not auxin 
but sugar is the controlling factor. However, the research by Mircuene and 
Brown (16) whieh first showed the relationship between the movement of 
growth regulators and carbohydrates must be kept in mind when evaluating 
the results obtained by sucrose applications alone. Hormone assay would 
appear to be necessary for a reliable interpretation of such data.  PILAND 
et al. (19) were able to increase the vields of alfalfa hay about 10% by an 
appheation of boron in the field while, at the same time, the vield of seed 
was enhanced by as much as 600%. Scorr (20) reported an improved set 
of grapes by the application of boron at certain loeations in the field even 
though the plants showed no evidence whatsoever of boron deficiency 

It is recognized that at least two possibilities exist for the manner in 
Which boron accentuates the translocation of suerose or its lydrolytie prod- 
ucts. First, the borate ion could react with sucrose (or glucose or fructose), 
the sugar then passing through the cellular membranes as the ionized sugar- 
borate complex until such time as a cell utilizes this complex and liberates 
the borate ion. Secondly, it is possible that the borate ion is associated with 
the cellular membranes, that it there reaets chemically with the sugar mole- 
cule facilitating its passage through the membrane, and that the sugar is 
freed on the mside of the cell by a second reaction. In either event these 
two hypotheses are consistent with the well-established faet that at) any 
given time in the life of the plant a small amount of boron suffices. How- 
ever, plants must continue to absorb boron throughout their life evele, indi- 
cating that, as new cell membranes are formed, more boron is required whieh 
would ply some degree of immobility of boron to new cells and tissues 
and, indeed, the evidence indicates that boron is relatively immobile in 
plants (11). The evidence thus favors the concept that boron is associated 
with the membranes 

The authors recognize that faetors other than boron may be involved in 
the absorption and, perhaps, in the translocation of sucrose. DorMeER and 


SrreEET (9) and Street and Lower (23) have postulated that sucrose is phos- 


phorvlated prior to its entry into tomato roots, and Dovupororr (10) has 
obtained from Pseudomonas saccharophila an extract containing a phospho- 
rvlase specific for suerose, DorMER and Srreer’s (9) report concerning the 
rapid absorption of sucrose by tomato roots is in direct conflict with the 
report by Went and Carter (24) to the effect that sucrose does not enter 
through the roots of tomato plants. The extensive use of sucrose as a solute 
for inducing and maintaiming plasmolysis would indicate that sucrose plos- 
phorvlase must indeed be of limited distribution in plant tissues, since the 
plasmolyzed cells do not recover 

DorMER and Street (9) hypothesize a phosphorylation of sucrose at the 
surface of the protoplast, passage of the sugar through the membrane in the 


form of fructose-1-6-diphosphate, and a dephosphoryvlation reaction inside 
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the cell. Their findings concerning the non-permeability of tomato roots to 
simple sugars would thus appear to make mandatory a re-synthesis of 
sucrose prior to the movement of sugar into an adjoining cell. Although the 
phosphorylation of sucrose may be of importance prior to the entry of this 
sugar into certain cells or organs, the authors are inclined to the view, sup- 
ported by evidence presented in this paper, that boron is the dominant fac- 
tor in the movement of sucrose (or its hydrolytic products) from cell to cell 
within the plant. Brown (7) has proposed that a transport mechanism is 
involved in the movement of sugar across a diffusion barrier such as a mem- 
brane, and it is hereby suggested that boron may be involved in or associ- 
ated with the hypothetical reaetive points in the membrane 


Summary 


An hypothesis is presented and supported with experimental evidence to 
account for one essential role of boron in plants. The data suggest that one 


role involves a reaction of boron with sugar to form a sugar-borate complex 


(ionizable) which moves through eellular membranes more readily than 


non-borated, non-ionized sugar molecules. 

Studies employing the Warburg apparatus were indicative of greater Oz 
uptake by lima bean and pea root tips in the presence of sucrose plus 5 
p.p.m. of boron, as compared with sucrose alone. A tentative interpretation 
of the increased (50 to 85%) respiration was that it was the result of an 
increase in the movement of sucrose (or its hydrolytic products) to the 
respiring cells. Five p.p.an. of boron had no effeet on the endogenous 
respiration, 

By employing uniformly labeled suerose both alone and in the presence 
of 10 p.p.m. of boron, it was shown that there was a striking dependence of 
translocation of sugar on the presence of boron. When a leaf of a tomato 
plant Was immersed in a labeled sucrose solution containing 10 p.p.m. of 
boron, the stem tip of the plant had 550% more radioactivity than if the 
solution contained no boron 

Data are presented which may be interpreted as evidence for the fact 
that sugar does not move readily through cellular membranes unless the 
sugar is borated. It is submitted, therefore, that boron deficiency symptoms 
are an expression of sugar deficiency in the eambia, stem tips, root tips, and 
flowers or fruits. 
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Defohation of forage crops by cutting or grazing brings about a redue- 
tion in the weight and in the carbohydrate content of the remaining parts. 
The latter result has been studied by a number of workers in the grasses and 
in alfalfa, but with the few exceptions noted here it has not been studied in 
Ladino white clover, Trifolium repens L. Tesar and AHLGREN (6) con- 
cluded after a brief study that close and frequent cutting lowered the per- 
centages of available carbohydrates in the stolons. Stewart and Bear (3) 


showed that starch is an important storage product in the stolons and is 


utilized during the period of regeneration of new top growth. In this paper 


are reported results of studies to determine (a) the carbohydrate content of 
stolons and roots of Ladino clover and (b) fluetuations in carbohydrates 
during intereutting periods 


Experimental procedure and results 


The stolons and roots of the plants to be analyzed were obtained either 
from pastures at State College, Pennsylvania, or from plants grown in soil 
in the greenhouse. Analyses were made by methods described elsewhere (4) 
The earbohydrates of stolon segments of different ages were determined in 
sumples taken at three fall dates from a one-year-old pasture of Ladino 
clover and orchard grass which was ungrazed during the sampling period. 
The results are reported in table I. Sugars are on the dry-weight basis, but 
starch in this ease only is reported as pereentage of the aleohol-insoluble 
residue. expressed as percentages of the dry weight, starch would be about 
one fourth lower but the relative differenees would still hold. Stareh was 
found to be the dominant carbohydrate and its highest concentrations were 
in the older parts of the stolons. Sucrose, varying from 3 to 14%, was also 
higher in the older than in the younger internodes. Reducing sugars were 
relatively low and consisted in greater part of glucose and in lesser part of 
fructose; both of these sugars were distributed rather uniformly without 
regard to segment age. Differences were also noted among sampling dates. 
The last sample, taken in November, was higher in stuerose (and total 
sugars) and lower in reducing sugars and starch than the earlier samples. 


' Authorized for publication on October 15, 1952, as paper no. 1763 in the journal 
series of the Pennsylvania Agricultural Experiment Station, State College, Pennsylvania, 
and as contribution no. 121 of the U.S. Regional Pasture Research Laboratorv, U.S 
I). A., in cooperation with the Northeastern States 

* Present address: Maine Agricultural Experiment Station, Orono, Maine 
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TABLE I 


DISTRIBUTION OF CARBOHYDRATES IN THREE SECTIONS OF STOLONS OF LADINO 
CLOVER PLANTS TAKEN FROM A PASTURE AT THREE FALL DATES. 


Per cent. of dry weight 
Date Section aieaemeaanee=* armenian Sanaa 


Starch* Sucrose Glucose Fructose 


October 17 First 5 internodes 19.48 3-2] 3.06 0.61 
Second 5 internodes 32.08 6.21 3.84 0.70 
Older parts of stolon 33.05 6-47 , 0.61 


October 22 First 5 internodes 19.05 2.97 2.7! 0.58 
Second 5 internodes 26.24 6.31 : 0.60 
Older parts of stolon 34.49 7.73 2.3¢ 0.65 


November 21 First 5 internodes 18.39 10.48 2.1% 0.50 
Second 5 internodes 16.79 14.59 0.61 
Older parts of stolon 21.65 13.50 : 0.50 


*Sugars are in percentage of total dry weight and starch is in percentage of the 

alcohol-insoluble portion. 
The younger parts of the stolons increased in total carbohydrates between 
October and November, but the older parts, because ol the loss of starch, 
did not. Such comparisons indicate that changes took place during this part 
of the seasen and, since no defoliation occurred, the chief operating influ- 
enees Were -enusonal. 

Changes induced in the carbohydrate contents of the stolons by defoli- 
ation were determined in a number of experiments on greenhouse plants 
subjected to a variety of cutting treatments and environmental conditions. 
One experiment here reported ineluded a mixed group of plants consisting 
of 15 clones, the clones representing a wide range of morphological types. 
Two levels of reserves were induced, one by making a single defollation on 
May 4, 1950, and the other by making three defoliations within a period of 
18 days, the last of which took place also on May 4. The composition of the 
plants on this date is given in table II. It may be seen that reducing sugars 
were higher and stareh lower in these stolons than in those of plants from 


TABLE I 


THE CARBOHYDRATE CONTENT OF STOLONS AND ROOTS OF 
GREENHOUSE-GROWN LADINO CLOVER ON MAY 4 


Per cent. of dry weight 
Part of 


Description 
I plant 


Reducing 
sugars 


Starch Sucrose 


High reserve plants 
previously cut only once 
Stolons 
Roots 


Low reserve plants 
previously cut three times 
Stolons 
Roots 





MORAN ET AL.! CARBOHYDRATE RESERVES OF WHITE CLOVER 469 


the pasture. Roots were lower than stolons in all the carbohydrate con- 
stituents. Those plants clipped three times were lower in all the constitu- 
ents than those clipped once and, from the standpoint of composition, may 
be considered as low-reserve plants. 

After these plants were defoliated new leaves were formed while the 
stolon and root weights and the carbohydrate composition changed. The 
changes were followed in the greenhouse in the light and also in a dark 
room. Plants were removed at intervals during the next three weeks for 
weighing and analysis. New leaf growth was most rapid in the high-reserve 
plants (clipped only once), which were allowed to remain in the greenhouse 
and by 21 days it amounted to 4.29 grams foliar dry matter per plant. The 


igh reserve in lignt 


3 


‘Me _reegrve ia tare 7 
= wet 


Pereent of Dry weight 
. 


i. 
g 
§ 
i 
fe. 
} 


sucrose 


Low resegye tn 














a 


9 . Daye after Cutting 
Onye After Cutting 


Fic. 1. A. Changes in the dry weight of the stolons of Ladino clover plants grown 
in the greenhouse; high- and low-reserve plants in light and in darkness. B. Changes 
in the several carbohydrates of the stolons of the Ladino clover plants, grown in the 
greenhouse, after defohation; high-reserve plants in the light 


low-reserve plants grew more slowly and produced only 1.28 grams during 
the same period. Of the plants in the dark those with high reserves made 
rapid leaf growth at first but produced only 0.95 grams in 21 days while 
those with low reserves produced practically nothing 

The fluctuations that took place in the dry weights of the stolons are 
shown in figure 1 A. Losses in weight occurred for about nine days and were 
followed by increases in weight in those plants growing in light but not in 
those in darkness. The roots weighed about half as much as the correspond- 
ing stolons, and the changes produced in them were very similar to those in 
the stolons. 

The carbohydrate contents of the stolons and roots changed after the 
defoliation. The greatest changes took place in the high-reserve stolons. 
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The several forms of carbohydrate decreased at first but later increased 
(figure 1B), a process of utilization and restorage noted by others in grasses. 
Similar changes went on in the low-reserve stolons and in both sets of roots. 
For economy of space, only the changes in total carbohydrates (sugars plus 
starch) are illustrated in figure 2A, but changes in the individual carbo- 
hydrates were parallel to those of the total. 


The high-reserve roots paral- 
leled the high-reserve stolons. 


The low-reserve plants, perhaps because the 
reserves were already well depleted, showed a much smaller decrease in 
carbohydrates after defoliation, but they showed a definite tendency to rise 


later on. In all cases starch was restored more slowly than sucrose. 











Fic. 2. A. Changes in the total carbohydrate content of the 
Ladino clover plants grown in the greenhouse; of both 
ce foliation B Change sin the starch and sucrose 


stolons and roots of 
high and low reserves; after 


contents of stolons of Ladino clover 
chipped twice, 28 days apart, and at two heights, one inch and three inches above the 
soil 


Plants in darkness showed no restorage. While the high-reserve plants 
stayed alive during the whole 21-day period, they lost carbohydrates 
steadily. The low-reserve plants did not survive beyond nine days. 

The effeet of a second defoliation while the plants ure recovering from 
the first defoliation was determined in another greenhouse experiment. When 
Ladino clover seedlings were about three and one half months old, they were 
defoliated by a clipping which also removed the ends of stolons extending 
over the sides of the pots. Some of these plants received a second defolia- 
tion at 12 days and others at 29 days after the first. Samples were taken 
at intervals for analysis after each cutting. Following the first cutting, the 
levels of all carbohydrate fractions decreased to reach minima at 10 to 12 


days (fig. 3). The second cutting at 12 days caused further reductions. If 


the plants did not receive the second cut until the twenty-ninth day, the 


carbohydrates were by that time restored to a level comparable to that 
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tolone 


Carbohydretes in stolons Defcliated seecnd tie 
defoltetes June § 29 days after June § 


Carbohydretes in 
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New leat growth 
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2 25 He “5 
Daye After Firet Cutting 


hic. 3. Changes in percentages of total earbohydrates in stolons of Ladino clover 


defohated twice, the first time on June 5, 1950, and the second time, some plants 12 days 


later and others 29 days later. Also, in the lower lines, increases in the dry weights of 
new foliage after each defoliation 


before the first cutting. A second cutting at this point again reduced stolon 
carbohydrates to reach a minimum at 12 days after the second cutting, a 
minimum which was intermediate to the other two. The greatest amount of 
new leaf growth was obtained after the first cutting and the least after the 


last cutting. The explanation of this is not obvious, but because this experi- 


ment carried over into the early summer season, it is probable that the 
greenhouse temperature eventually beeame higher than the optimum for 
Ladino clover. The composition of the roots paralleled that of the stolons 


Percent of Dry Weight 








20 3 
Daye After Firet Cutting 


Fic. 4. Changes in starch and sucrose contents of stolons of Ladino clover clipped 
three times, 14 days apart, and at two heights, one inch and three inches above the soil. 
Plants clipped at three-inch height ( ), plants clipped at one-inch height (—--). 
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and the dry weight of both stolons and roots lost and regained to some 
extent after each cutting. 

The effeet of the height of cutting above ground level was investigated 
by comparing Ladino clover plants cut every 28 days at a height of one inch 
with others cut at a height of three inches. The three-inch cut permitted a 
number of small leaves on short petioles to remain, particularly near the 
center of the plant, but the one-inch cut removed most of these. Beeause of 
these remaining leaves the three-ineh cut is considered to be not as severe 
a treatment as the one-inch cut. Starch and sucrose are markedly higher 
in the plants cut to three inches than in those cut to one inch (fig. 2B). The 
typical curves of utilization and restorage are evident after the first cut and 
again after the second 28 days later. Other plants of the same group were 
cut more frequently, namely three times at 14-day intervals. In these 
plants it is again evident that the carbohydrates of plants cut at the three- 
inch level were higher than of those cut at one inch (fig. 4). A comparison 

TABLE III 


THE DRY WEIGHTS OF LEAVES (INCLUDING PETIOLES) OF GREENHOUSE-GROWN 
LADINO CLOVER CUT AT THE ONEF-INCH AND AT THE THREE-INCH 
LEVELS AND AT 14 AND 28DAY INTERVALS. 


Cut at one-inch level Cut at three-inch level 


Days after ~~ = —_——. emmibaaalinelaiicta 
first cut 14-day 28-day 14-day 28-day 


interval interval interval interval 


gm. gm. gm. gm. 


8.39 8.13 6-42 6.12 
1.72 3.11 e 
0.97 3.96 2.07 4.99 
0.87 1.50 


of figures 2B and 4 will show that the plants cut more frequently are lower 
in carbohydrates. Those cut at one inch every 14 days are the lowest of all 
in reserve carbohydrates and as such do not exhibit the loss and restorage 
to such a degree as do plants with higher reserves. The effect of height of 
cut on the weight of leaves is evident (table III). At the first defoliation, 
cutting to one inch removed a greater quantity of leaves than cutting to 
three inches, but at each of the later dates the weight of new leaves removed 
was less with the one-inch cut. 


Discussion 

Carbohydrates appear to play a role as storage or reserve substances 
in Ladino clover in much the same way as they do in other forage plants. 
Starch, sucrose, and reducing sugars are to be found in both stolons and 
roots, more in the stolons than in the roots, but, considering that the roots 
are often of considerable size, the absolute quantity of carbohydrates in 
them may be appreciable. These carbohydrates undergo considerable fluetu- 
ation during plant growth. Some of these fluctuations are studied here. 
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Only a brief study was made of the carbohydrate content of plants in a 
pasture and only at one season of the year, the fall. In that short period 
it Was noted that changes were occurring in the direction of lower stareh and 
higher suerose with the approach of colder weather. This is a trend that is 
noticed in many plants. 

The reserve character of these carbohydrates, in relation to what might 
be called grazing management if carried on in the field, was studied on 
greenhouse plants. On their defoliation, or removal of the leaves to simulate 
grazing or mowing, the carbohydrates of the stolons decreased. This de- 
crease continued for a week or two. By this time when new leaves were 
formed and producing new carbohydrates, the withdrawal from the stolons 
and roots ceased and inereases occurred. It is assumed that this decrease 
and inerease of carbohydrates from these parts meant their utilization and 
restorage. This utilization and restorage has been followed in both light and 
darkness and after defoliations of different intensities. The utilization was 
greatest when the carbohydrates were at a high level of storage, and under 
these conditions the amount of new leaves produced was highest. When the 
carbohydrates were at a low level, the typical curve of utilization and re- 
storage Was not so marked, and from this it appears that only those earbo- 
hydrates above a certain level act as reserves. The effects of a second 
defoliation, before the plant had recovered from the first, are illustrated 
here as well as those of successive defoliations at various frequencies and at 
various heights. Cutting at a low level reduced carbohydrates to a greater 
extent than at a higher level because it removed a larger number of leaves 
and hence delayed restorage. This restorage occurred only in light and con- 
tinued as long as plant growth was undisturbed. In darkness, the stolons 
lost carbohydrates as rapidly as in light, but they continued to lose them for 
a longer time and did not show any restorage. When death resulted, some 
carbohydrates still remained but they were at a low level. 

The amount of new leaf growth that was formed after cutting was related 
to the level of reserves. The high-reserve plants produced more than did 
the low-reserve plants and, in this experiment, those cut at a higher level 
from the ground produced more than those cut close to the ground. Under 
farm conditions, the level of reserves is dependent, among other things, upon 
two grazing management practices; namely, the frequency and the height 
of defoliation. In a pure stand of Ladino clover larger dry-matter yields 
are obtained over a period of time if the cuttings are made at a height of 
three inches above the soil rather than at a height of one inch. When 
Ladino clover and grass are growing together, however, the higher eutting 
has an opposite effect upon the clover in that it allows the grass to compete 
with the clover. Low eutting, on the other hand, removes more of the re- 
serves of the grasses (2, 5) than it does from the Ladino clover and reduces 


their competitive effect (1). The most advantageous height and frequeney 


of defoliation will be determined by the herbage and the conditions under 
which it is grown. 
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Summary 


Starch and sugars were determined in stolons and roots of Ladino clover 
plants taken from pastures and from soil cultures in the greenhouse. Starch 
was found to be the main storage product and sucrose often execeded re- 
ducing sugars. The concentrations of each were greater in stolons than in 
roots. Defoliation caused a depletion of these reserves from both stolons 
and roots. The depletion was greater when the level of the stored sub- 
stances was high and not so great when the levels were lower. After a period 


of one or two weeks restorage occurred. The amount of stored carbohy- 


drates was affected by the number and frequency of defoliations and by the 


height above the soil at which the cutting was made. The amount of new 
foliar growth produced after the defoliation was closely related to the level 
of carbohydrates at the time of the defoliation. 


The authors gratefully acknowledge the technical assistance of Mrs. 
Patricia Altieri. 
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Introduction 


Since the discovery by Garner and ALLARD (3, 4) that day length is one 
of the important factors in flowering, certain plants have been classified on 


the basis of their light requirement for flowering as short-day, intermediate, 
or long-day species. It is reported (6) that all varieties of Beta vulgaris 
investigated have been found to be long-day plants (1, 4, 6). Srour (8) 
states that all beet varieties, however, require long photoperiods before they 


will bolt normally, and all varieties may be kept in a vegetative condition 
indefinitely by growing them in an environment of short photoperiods and 
warm temperature. It has been demonstrated repeatedly that sugar beet 
varieties require a prolonged low-temperature exposure before they will bolt. 
The induction of flowering of sugar beets, under the influence of prolonged 
low temperatures, has been designated as thermal induction. Srour (9) 
studied the relation of temperature to reproduction in sugar beets and found 
that beets bolted more readily following a storage period at 6° C than after 
storage at lower temperatures for the same period of time. It was observed 
that storage near O° © induced little change in the rate and percentage of 
bolting indicating that the processes involved in thermal induetion are 
nearly arrested at this temperature. Reversal of the process was reported 
to occur in roots that had been thermally induced previously and then stored 
at I] to 26° C. 

It has been pointed out (10) that biennial beets require prolonged expo- 
sure to cool temperature (thermal induction) followed by, or concurrent 
with, exposures to long photoperiods for normal bolting and flowering to 
take place. Further investigation by Stout led to the conelusion that appar- 
ently either long day-length or thermal induction, acting independently, ean 
carry the reproductive processes far toward completion and that the effects 
of light and low temperature exposure on reproduction in the sugar beet 
seem to be complementary. Owen ef al. (6) stated that induetion of flower- 
ing under the influence of prolonged low temperature and long photoperiods 
may be tentatively regarded as a single process and may therefore be desig- 
nated by a single term. The term photothermal induction was proposed by 
them to cover a broader meaning beeause, with beets, it was diffieult) in 
many cases to distinguish between these two environmental effects. 

In 1945, the senior author, in connection with biochemical investigations, 
obtained evidence that if certain of the common sugar beet varieties, grown 
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for sugar production, receive sufficient thermal induction they will go into 
the reproductive phase, 7.e., bolt in continuous darkness. This suggested 
that for the common sugar beet varieties, thermal induction may play a 
much more important role than the photoperiod in initiating the reprodue- 
tive phase in sugar beets. In view of these observations and the need for 
studying the thermal induction requirements of breeding stock used for 
developing new varieties of sugar beets, it appeared desirable to obtain 
further evidence on the relative importance of thermal induction and day 
length in relation to the initiation of the reproductive phase only. The im- 
portance of day length in bringing the fruiting phase to completion is clearly 
recognized. 


Methods and results 


A small interior room was prepared for growing beets in continuous dark- 
ness. The room, four by 12 feet, was darkened by painting the walls and 
ceiling black and by installing three sets of black drapes for added protec- 
tion. A photographie film was used to test for presence of light. One third 
of the film was exposed for two weeks and the remainder for one week. The 
film was developed after the second week, and showed that it had not been 
affected by light. 

For these studies three varieties of sugar beets, US 22/3, Us 56/2, and 
US 75, were grown in well fertilized field plots. The roots were dug for all 
tests, except one, between July 20 and November 8, which was before they 
acquired a significant amount of thermol induction. The roots were washed, 
trimmed, and packed fresh in orange field boxes lined with two thicknesses 
of heavy brown waxed paper placed at right angles to each other. Moist 
pine shavings (90% saturation) were used as packing material (2). The 
packed boxes of roots were stacked in a dark room maintained at 40° F, 
which is considered to be near the optimum for thermal induction. Photo- 
graphic films were packed in an orange field box in dry pine shavings, in the 
same manner as the roots, and placed in full sunlight for two hours, after 
which the films were recovered and developed. The results indicated that 
the boxes as packed were light-proof and that the roots went through the 
thermal induction period in complete darkness. 

After various periods of thermal induction, boxes of roots were trans- 
ferred from the thermal induction chamber to the dark room where they 
were unpacked, potted, and cared for in continued darkness. The tempera- 
ture was maintained at 70° F during the period of growth in continuous 
darkness in all experiments except three. In these three tests the plants 
were grown at a temperature of 60 to 64° F in one experiment, in a second 
at 82° F and in the third the plants were grown 26 days at 65° F and then 
at 60° F during the remainder of the experiment. 


Twelve experiments were conducted over a period of more than a year 


in which the three varieties of sugar beets were grown in continuous dark- 
ness immediately following a thermal induction period in complete unbroken 
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darkness. To serve as controls for each test conducted in continuous dark- 
ness, an equal number of roots, or more, were either replanted in the field 
or potted and placed in the greenhouse at a day length extended to 16 hours 
with the aid of a bank of mazda lamps. The results of the experiments con- 
ducted in continuous darkness are shown in table I. 

Since all control plants bolted and flowered, the results from these plants 
are not included in the table. The plants growing in continuous darkness 
bolted sooner than did control plants in the greenhouse at a day length of 
16 hours, and much sooner, but in no greater numbers, than control roots 


transplanted in the field. The more rapid bolting of plants in the dark was 
TABLE T 


BOLTING AND FLOWERING OF SUGAR BEETS GROWN IN CONTINUOUS DARKNESS 
FOLLOWING A THERMAL INDUCTION PERIOD IN COMPLETE DARKNESS. 


— Number of plants 


induction 
period 
at 40° F. 


Producing Producing Reverting to 
Tested Bolted flower open vegetative 
buds flowers phase 


Variety 





Days 


100 
214 
230 


138 8 
148 6 
168 6 
170 

188 4 
208 9 
224 6 
353 6 


US 75 207 13 13 ‘ 12 
#34 days after potting, all seed stalks except two were removed with the aid of 
a one-watt fluorescent bulb covered with two layers of red cellophane wrapping 


tissue. Many well developed buds and many open flowers were found after 75 days. 





no doubt due to the more constant favorable growing temperatures main- 
tained in the dark room. 

Seed stalks developed in complete darkness at temperatures ranging from 
the thermal induction temperature of 40 to 82° F. Flowering occurred from 
64 to 82° F. At the higher temperature, many open flowers were found on 
plants examined after 25 days growth in continuous darkness, and open 
flowers were found on beets after 94 days of growth at the lower tempera- 
ture. It appears that both terminal and axillary buds are influenced by the 
thermal induction treatment and as a result are capable of developing seed 
stalks in continuous darkness. As many as 47 seed stalks ranging in height 
from three to 36 inches were counted on one beet plant that flowered. 

The plant shown in figure 1 is typical of the bolting and flowering that 
took place in continuous darkness. The pollen appeared to be normal in 
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size and color when compared with pollen collected from normal beets grown 
in the greenhouse at the same time. 

Table I shows the number of roots in each experiment that bolted but 
reverted to the vegetative condition before flowering. After the initial rapid 
growth of seed stalks in continuous darkness, the rate of seed stalk elonga- 
tion decreased slowly in these plants until the stalks produced vegetative 
tips. This decrease in rate of growth may have resulted from progressive 


depletion of reserves in the root. One root, weighing approximately 1500 


Fic. 1. Typieal bolting and flowering of sugar beets grown in continuous darkness 


grams, produced nine seed stalks in continuous darkness averaging 54 inches 


in height, before reverting to a vegetative condition. The carbohydrate 


reserves were so depleted by this time that a sucrose determination on the 
root gave a saecharimeter reading of minus 1.3, indicating that all sucrose 
had been inverted. Other large roots, containing 14 to 16% sucrose initially, 
lost only 60 to 70% of their stored sucrose before they reverted to a vege- 
tative condition. From this is appears that there may be other faetors, in 
addition to a depletion of the carbohydrate reserves, which eause the plants 


to revert to a vegetative condition when grown in continuous darkness 
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Most sugar beet roots, stored for 250 days or longer at 40° F in complete 
continuous darkness, produced seed stalks during the storage period. Many 
seed stalks were three to four inches long and some were six inches long. 


In one box containing 20 roots, which had reeeived 270 days of thermal 
induetion, all had bolted. This shows conclusively that, regardless of what 
may be the function of light, admittedly very important in carrying the 
process of fruiting to completion, it is not essential, either during or follow- 
ing the thermal induction period, to the initiation of seed stalk production. 

There is strong evidence that if roots are given long periods of thermal 
induction, beyond that required for normal bolting and flowering, the subse- 
quent day length requirement for their reproductive development under field 
conditions may be shorter. In Europe, MuNnerari (5) found that mother 
beets, after a storage period between | and 2° C, bolted and flowered during 
the winter months when transplanted in boxes in early September and placed 
outside. The boxes were covered with panes of glass to give proteetion 
against frost. The variety of beets used or the length of the thermal indue- 
tion period was not reported. In one test conducted at Riverside, California, 
large roots (variety US 15) that had overwintered in a field plot were 
selected. During the previous winter the roots had received sufficient ther- 
mal induction for complete bolting and flowering. The roots were dug in the 
spring, before they had started to bolt, and stored in moist pine shavings at 
40° F for an additional 188 days of thermal induction. The roots were 
transplanted in the field on September 28. The plants bolted by the middle 
of October and by the middle of December they had started to bloom. 
Normal seed was produced, 

Discussion 

Both low-temperature exposure and long days are essential for best 
flowering and fruiting of commercial varieties of sugar beet under field con- 
ditions. However, the relative importance and specific functioning of low 
temperature and light have not been determined fully. The results of ex- 
periments reported here indicate that light is not essential to the initiation 
of seed stalks. They show also that light is not essential to the flowering of 
sugar beet plants provided they have received sufficient thermal induction. 
However, the failure of many thermally induced plants grown in the dark 
to continue the fruiting process beyond a stage of seed stalk production 
clearly indicates the importance of photoperiod in bringing the fruiting 
phase to completion. 

Since thermal induction alone ean cause the production of sufficient 
flowering hormone to induce bolting and flowering in the sugar beet, the 
question naturally arises as to whether the increased flowering and seed pro- 
duetion under long photoperiods result from the production of additional 
flowering hormone under the stimulus of light or whether light exerts an 
influence on fruiting in some other manner. Some of the evidence now 


available suggests that, in addition to the production of flowering hormones, 
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the long photoperiod may be important in enabling the plant to make the 
most efficient use of them. 

Summary 


Sugar beet roots developed seed stalks in complete unbroken darkness 
during a long thermal induction period at 40° F. Large roots bolted and 


flowered in continuous darkness following a long thermal induction period 


in complete darkness over a range of temperature from 60 to 82° F. Seed 
stalks were initiated as readily and in as great a number when grown in 
continuous darkness as on similar roots grown in a long day, but a much 
higher percentage of the beets grown in a long day flowered. The evidence 
shows that light, during or following a long thermal induction period, is not 
necessary for the initiation of seed stalks and that a long day is not an abso- 
lute essential to the flowering of sugar beets. 
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The stimulatory effect of indole compounds on fruit-setting of several 
horticultural crops (7, 8, 18) was soon established following the identifica- 
tion of indole-3-acetic acid as a plant growth hormone (12). Strangely 
enough, however, for the stimulation of parthenocarpy many related com- 
pounds, some analogs of indole-3-acetie acid, were found more effective 
(7, 8, 11, 23, 25, 27, 32). Meanwhile, extracts of corn kernels in the milk 
stage were described as having a fruit-setting potency much greater than 
could be accredited to indole-3-acetic acid alone (9, 26). Recently the 
fruit-setting factor derived from the ethanol extracts of immature corn ker- 
nels was characterized by RepEMANN et al. (16) as the ethyl ester of indole- 
3-acetie acid and was found to induce parthenoearpic fruit development in 
the tomato when applied in dilutions of 1 part in 10,000. Thus, the fruit- 
setting activity Was multiplied almost 100-fold compared with the free acid 
or the salts of heteroauxin. 

fecent studies concerned with the relation of chemical structure to 
activity, the relative instability of indole-3-acetic acid, the enhancement 
of activity by the addition of chlorine to the ring structure of certain growth 
substances, the role of growth substances in im vitro culture of tomato fruits 
(14) and finally, the secant attention directed toward halogenated or other- 
wise substituted indole compounds in biological activity testing suggested a 
more detailed evaluation of this chemical group of compounds with respeet 
to the comparative induction of parthenocarpie fruit development in the 
tomato. 


Methods 


A known quantity of the compound was dissolved in anhydrous, per- 


oxide-free ether and diluted to the desired concentration. An aliquot of this 
solution containing the required amount of the compound was added to a 
known quantity of anhydrous lanolin and stirred until solution was com- 
plete. The ether was removed by immersing the containers of the solution 
in a hot water bath. For higher dilutions the same procedure was followed 
with smaller aliquots. 

Estimation of the fruit-setting activity of the various indole compounds 
consisted of applying 1, 0.1, 0.01, and 0.001% lanolin solutions of each 
chemical to the ovary of the tomato flower from which the stamens had been 


1 Journal article no. 1385 of the Michigan Agricultural Experiment Station. 
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removed. From 15 to 20 milligrams of lanolin containing the desired chemi- 
cal were applied to each ovary. About 12 blossoms from the first flower 
clusters of three to four tomato plants (variety, Michigan State Forcing) of 
comparable physiological and nutritional status were employed for each 
dilution. The dilutions which caused definite fruit development of the 
emasculated blossoms were determined. The relative effectiveness of a par- 
ticular substance at the various concentrations is indieated (table 1) by the 
number of plus signs allotted. Three plus signs signify high activity with 
100% set and fruit development equivalent or superior to natural pollina- 
tion, two signs moderate activity with about 50% fruit set but with fruit size 
somewhat less than from pollination, and one plus sign slight but definite 
growth apparent in 10 to 25% of the ovaries treated. 

The following compounds were obtained commercially: Indole-3-acetic 
acid, B(indole-3)-n-proprionic acid, y(indole-3)-n-butyric acid, indole, isa- 
tin, L-tryptophan, and tryptamine from the Eastman Kodak Company, 
3-methyl indole from the Matheson Company, and 2,3-diphenylindole from 
the B. F. Goodrich Chemieal Company. The 4-chloroindole-3-acetic, 
5-chloroindole-3-acetic, 6-chloroindole-3-acetic and 7-chloroindole-3-acetic 
acids were supplied by Dr. Sidney W. Fox of Iowa State College at Ames, 
lowa. The 1-benzoylindole-3-acetic and 2-phenylindole-3-acetic acids were 
supplied by Mr. W. F. Houff of Michigan State College. The following 
compounds were prepared according to procedures given in the literature: 
methylindole-3-acetate, ethylindole-3-acetate, n-propylindole-3-acetate, 
n-butylindole-3-indoleacetate, n-amylindole-3-acetate (17), ethyl-5-chloro- 
indole-3-acetate, 5,7-dichloroindole-3-acetic acid (6), 4,7-dichloro-2-methyl- 
indole-3-acetic acid (10), indole-3-pyruvie acid (3), indole-3-ethanol (20), 
2-methylindole-3-acetiec acid (21), 2-methylindole (5), indole-3-aldehyde 
(19), oxindole (22), and indole-3-carboxylice acid (28). 


Results 


The comparative effectiveness of various indole compounds at different 
concentrations to induce parthenoearpy in the tomato is given in table I. 


The methyl and ethyl esters of indole-3-acetie acid were approximately 100 


times more effective than indole-3-acetic acid and were the only compounds 
tested having activity at a solution concentration of 0.001 in lanolin. The 
activity of the esters decreased as the size of the alkyl radical was increased 
with the exception of the methyl and ethyl esters which had identical ae- 
tivity. The introduction of chlorine on the benzene ring of indole-3-acetic 
acid in either the 4, 5, 6, or 7 position enhanced the activity 10 times above 
that of the free acid. However, the chloroindole-3-acetic acids were de- 
cidedly effective only at dilutions of 0.01%, and thus, were only one tenth 
as effective as ethylindole-3-acetate. Esterification of the chloroindole-3- 
acetic acids did not increase the activity to induce parthenoearpy as it did 
in the ease of indole-3-acetic acid. The position of the chlorine in the ben- 
zene ring had no effect as far as fruit-setting effectiveness was concerned. 





SELL ET AL.: STIMULATION OF PARTHENOCARPY IN TOMATO 483 


However. the addition of two chlorine atoms on the ring (5,7-dichloroindole- 


3-acetic acid) slightly reduced rather than enhanced the activity. Some 
effects on the fruit-setting response obtained by lengthening the alkyl radi- 
cal of the indole acids has already been reported (7, 8, 11, 23). 
Indole-3-pyruvie acid, indole-3-ethanol, and indole-3-nitrile induced 
fruit-setting only at 1% solutions. The introduction of a benzoyl radieai 


TABLE I 


RELATIVE EFFECTIVENESS OF INDOLE COMPOUNDS IN LANOLIN 
ON THE STIMUL ATION OF PARTHE NOCARPY IN THE TOMATO. 


Ce oncentration aol solutions 
Compounds 


0. 1% 0.01% 0 001% 





ladale-S-asctie evid +++ + innstive 
1-Benzoylindole-3-acetic acid Inactive Inactive Inactive 
2-Methylindole-3-acetic acid Inactive Inactive Inactive 
2-Phenylindole-3-acetic acid Inactive Inactive 


Inactive 
B-(Indole-3)-n-propionic acid Inactive Inactive Inactive 
y -(Indole-3)-n-butyric acid +++ +++ ++ Inactive 
Indole-3-pyruvic acid +++ Inactive Inactive Inactive 


Methylindole-3-acetate +++ +++ +++ +4 
Ethylindole-3-acetate +++ +++ +++ ++ 
n-Propylindole-3-acetate iad Paes Pare 
n-Butylindole-3-acetate rere +44 +4 
n-Amylindole-3-acetate +++ ++4 Inactive 


Inactive 
Inactive 
Inactive 
4-Chloroindole-3-acetic acid +++ +++ ++4 Inactive 
5-Chloroindole-3-acetic acid +++ +++ ++4 Inactive 
6-Chloroindole-3-acetic acid +++ +++ +++ 
7-Chloroindole-3-acetic acid +++ ++4 ++4 
Ethyl-5-chloroindole-3-acetate +++ +++ ++4 Inactive 
5, 7-Dichloroindole-3-acetic acid +++ +++ + Inactive 
4,7-Dichloro-2-methylindole-3-acetic acid Inactive Inactive Inactive Inactive 


Inactive 
Inactive 


Indole-3-ethanol +++4 Inactive 


Inactive Inactive 
Indole-3-nitrile + Inactive 


Inactive Inactive 
Isatin Inactive Inactive Inactive Inactive 
L-Tryptophan Inactive Inactive Inactive Inactive 
Indole-3-aldehyde Inactive Inactive Inactive Inactive 
Oxindole Inactive Inactive Inactive Inactive 
2,3-Diphenylindole Inactive Inactive Inactive Inactive 
Tryptamine _ Inactive Inactive Inactive Inactive 


*The number of plus signs at eac ¥ concentration indicat ates the relative magni- 
tude of activity of each substance. 


in position 1 or a methyl group on position 2 of indole-3-acetie acid reduced 
the fruit-setting activity to approximately one twentieth of the free aeid. 
With the substitution of a phenyl radical in the 2 position of the indole 
nucleus, the activity was less than that of the 2-methylindole-3-acetic acid. 
This indicates that the 2 position must be left unsubstituted to obtain maxi- 
mum efficiency. The introduction of a chlorine atom in position 4 as in 
4,7-dichloro-2-methylindole-3-acetie acid destroyed the activity completely. 
This demonstrates that additional substitution on the benzene ring of 
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2-methylindole-3-acetic and especially in position 4 (ortho) eliminated 
entirely the fruit-setting activity of the compound 

Indole, isatin, 2-methylindole, 3-methylindole, L-tryptophan, indole-3- 
aldehyde, oxindole, 2,3-diphenylindole, indole-3-carboxylice acid, and trypta- 
mine were inactive. 


Discussion 


The indole compounds occupy a unique position in that the only natu- 
rally occurring growth substance, the existence and identity of which is 
beyond dispute, is indole-3-acetic acid (heteroauxin) or its ethyl! ester (16). 
It may now be safely assumed that indole-3-acetic acid is common to all 
green plants. In view of this, it is a striking fact that halogenated and 
otherwise substituted indole compounds have received only cursory atten- 
tion; yet, highly active substances might logically be found among them. 

In the present studies at least 10 indole compounds, specifically esters 
and chlorinated derivatives of indole-3-acetic acid, were found more effec- 
tive than indole-3-acetie acid itself for stimulating parthenoecarpic fruit 
development in the tomato. That a number of derivatives of indole-3-acetic 
acid, particularly the esters, may be more active than the unsubstituted acid 
in some plant growth responses has already been reported (1, 29, 30, 31), 
conversely, considerable evidence has been accumulated by the Avena and 
other biological assays that all substitutions so far studied do not increase 
and may greatly reduce the activity of indole-3-acetic acid (2, 4, 13, 15, 24). 
The present work on the enhancement of tomato parthenocarpic induction 
by chlorine substitution and esterification of indole-3-acetic acid interest- 
ingly demonstrates a parallel with some of the phenoxy acids, and the need 
for thorough testing by a number of assay methods including intact plants 
such as the tomato before evaluating the relative activity of a plant growth- 
regulator. It is conceivable that derivatives of even greater activity from 
the standpoint of fruit set might exist among the indole compounds. 

The ortho effect in plant growth-regulators as reported by Hansen and 
Muir (10) and criticized by ZimmMerMAN and Hircncock (33) and Tui- 


MANN (25) was observed in the fruit-setting responses induced by variously 


substituted indole compounds. Substitutions of the methy! or phenyl! radical 
in the 2 position greatly reduced the activity, and substituents in both ortho 
positions as in 4,7-dichloro-2-methylindole-3-acetic acid completely elimi- 
nated activity, although 4-chloroindole-3-acetie acid was found more active 
than the parent compound. All fruit-setting responses could not, however, 
be explained by the ortho effect theory an example being the weak activity 
obtained with 1-benzoylindole-3-acetic acid. 


Summary 


In the tomato parthenocarpic fruit test, 10 derivatives of indole-3-acetie 
acid were found to have greater fruit-setting activity than the parent com- 
pound. esterification of the carboxy] group of indole-3-acetic acid with a 
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methyl or ethyl radical increased the activity 100-fold. The activity of the 
esters decreased as the size of the alkyl radical was increased. Mono-substi- 
tution of the hydrogen by chlorine in any of the positions in the benzene 
ring of indole-3-acetic acid increased the activity 10-fold, and resulted in 
indole compounds one tenth as effective as methyl or ethylindole-3-acetate. 
In contrast to indole-3-acetie acid, esterification of the chloroindole-3-acetie 
acids did not increase the fruit-setting activity. The 1-benzoylindole-3- 
acetic acid and 2-methylindole-3-acetic acid were only one tenth as effee- 
tive as the parent compound. Substitution of a phenyl group for a methyl 
radical in the 2 position further decreased the activity, and substituents in 
both positions ortho to the alkyl side chain completely eliminated activity. 


This study was supported by the Horace H. Rackham Researeh Endow- 
ment of Michigan State College. 
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IRON AND COPPER ENZYMES IN LEAF LAMINA OF TOBACCO 
WHEN DEFICIENT IN MICRONUTRIENTS OR GROWN 
ON CALCAREOUS AND ORGANIC SOILS 


JOHN C. BROWN anxnpn ROBERT A. STEINBERG 
Bureau or PLrant INpustry, Bertsvitte, MAaryLanp 


teceived August 18, 1952 

Certain enzyme responses in plants were considered by Batley and 
McHarcve (1), MacVicar and Burris (6), and QuiLAN-Wartson (7) as the 
effects of an element on a particular enzyme system. Enzymatic activity 
has been used by Brown and Henpricks (2) as indicative of the type 
deficiency produced in chlorosis susceptible plants grown on a naturally 
caleareous soil and a copper-deficient organic soil. Relative activities of 
ascorbic acid oxidase (copper enzyme—AAQ), catalase and peroxidase (iron 
enzymes) were determined for wheat, corn, tobacco, three species of lupines, 
and two varieties of soybeans. The ascorbic acid oxidase activity Was re- 
duced in plants grown on the copper-deficient soil and a comparatively 
reduced catalase activity was observed in plants grown on the naturally 
calcareous soil. These data verified the assumption that if copper or iron, 
respectively, were the limiting factors in the plant’s nutrition, the deficien- 
cies would be revealed as diminished activities of one or more of the enzymes 
requiring a specific element to function properly. 

In recognition of the possibility that similar results might have been 
obtained through uncontrolled variations in other micronutrient elements, 
these experiments have been repeated, using tobacco, for the comparison of 
plants deficient in specifie micronutrients. Comparisons of enzymatic 
activity patterns resulting from specific micronutrient deficiencies with those 
of plants grown on calcareous and organic soils were considered desirable. 
Coincidence in responses under the widely different environmental condi- 
tions of soil and water-culture would be strong additional evidence of the 


cause of the soil abnormalities. Moreover, since the ealeium carbonate 


method for removal of micronutrient impurities also removes many of the 


unessential trace element impurities, the latter could also be minimized as 
contributory factors. 


Methods and materials 


Connecticut Broadleaf tobacco was grown in two-gallon crocks in the 
greenhouse on the following soil mixtures: (a) caleareous, pH 7.8; (b) two 
thirds caleareous and one third organic, pH 7.5; (¢) one third ealeareous 
and two thirds organic, pH 7.2; (d) organic, pH 6.0; (e) organie soil with 
added copper sulphate. The calcareous soil was a Millville silt loam ob- 
tained from Dr. D. W. Thorne of the Utah State Agricultural College, 
Logan, Utah. The copper-deficient organic soil was obtained from Dr. J. F. 
Davis and R. Gillespie of the Michigan State College Experimental Farm, 


1SS 
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East Lansing, Michigan. The soils were mixed and fertilized as deseribed 
previously (2). 

Connecticut Broadleaf tobacco was grown at the same time in triplicate 
on solutions (10 liters) purified with a modified calcium carbonate method 
for removal of trace element impurities. Subsequent reports will appear on 
efficiency of purification treatment and on growth, reproduction, deficiency 
syinptoms, and mineral absorption of the plants. The single-charge teeh- 
nique and type of equipment have been previously described (10, 11). 
Iron-, zine-, copper-, manganese-, boron-, and molybdenum-deficient plants 
developed when grown on the solution cultures deficient in the respective 
element. Three separate experiments were conducted in which plants were 
grown both on the soils and solution cultures. Plants were grown in the 
spring and fali of 1951 and the spring of 1952. Deficiency symptoms devel- 
oped by the plants prior or subsequent to sampling ranged from severe (Fe, 
Zn, Mn, B) to moderate (Cu, Mo). Plants suffering from severe deficiencies 
gave sharply reduced yields. 

Samples of leaves for enzyme activity determinations were taken at 
intervals of about a week, beginning at an early stage of growth and ending 
at the flowering stage. Leaves similarly located in the middle of the plant, 
usually free from chlorosis and necroses, were selected for analysis. Three 
harvests were made during the growth of each plant and successive samples 
were often taken from different plants. In cases of severe deficiency a com- 
posite sample from three replicates Was employed if necessary. Leaves from 
the plants were all harvested at the same time and placed in a refrigerator. 
The midribs of the leaves were then removed and the leaf lamina for each 
treatment combined and cut into small pieces with scissors. A ten-gram 
and a one-gram sample were weighed out for AAO and peroxidase activity 
determinations respectively. These samples were then placed in the freezing 
compartment of a refrigerator and AAO and peroxidase measurements made 
the day following harvest. Catalase activity was determined in a one-gram 
sample immediately after harvest. All the samples were taken early in the 
morning but no attention was given to light conditions at the time of harvest. 

Catalase was determined by the gasometric procedure deseribed by 
Baitey and McHarcue (1) except that the tissue was macerated in a blender 
for two and one half minutes with ice present. Catalase activates the redue- 
tion of hydrogen peroxide into water and molecular oxygen. The rate of 
oxygen evolved Was measured every minute for five minutes. 

Peroxidase activity was determined by the method of JAMES and CraGe 
(4) in which the rate of color change Was measured; a brown color being 


produced by the oxidation of the substrate catechol in the presence of hydro- 


gen peroxide. The peroxidases operate by splitting the peroxide into water 
and active oxygen, the latter combining with the catechol. Readings were 
taken in a Coleman spectrophotometer every 10 seconds for two and one 
half minutes. 

Ascorbic acid oxidase activity Was measured manometrically by deter- 
mining the oxygen consumed in the enzymatic oxidation of the substrate 
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L-ascorbic acid to dehydro-ascorbie acid. The method used was essentially 


that outlined by James and Crace (4), except that the tissue sample was 
reduced to 10 gm., L-aseorbie acid substrate concentration was increased to 
4 mg./ml. and air was used in the manometric flasks. 

Comparative rather than quantitative extractions of the enzymes from 
the plant tissue were considered satisfactory to the objectives of this investi- 
gation. The plant sample was taken through two extractions with no pre- 
cautions taken to obtain entirely all of the enzyme. Several duplicated 
experiments showed that the error between enzymatic extractions was about 
15%. The consistency of the data obtained from the extraction procedures 
appeared to warrant comparisons of like plant material grown on the varied 
treatments. The AAO activity in plants grown on treatments which had 
received copper Was approximately 10 times greater than in those whieh 
were copper deficient. The comparative AAQ, catalase, and peroxidase 
activities were determined three times during the growth of the plants in 
three separate experiments making a total of nine determinations on each 
treatment during the course of this investigation. At each harvest the 
sampling and determinations were carried out under like conditions. 

In the solution cultures slight experimental modifications in purification, 
treatment and handling of seedlings in successive experiments, resulted in 
some variations in degree of deficiency symptoms. Such changes were gen- 
erally in the direction of intensified micronutrient deficiency effects, except 
for copper deficiency in one fall experiment. Some of these plants, however, 
showed leaf necroses and decreased yields on withholding copper to a greater 
degree than plants grown on the copper-deficient organic soil. Supply of 
minerals Was ample for plants grown in the fall, but controls grown in the 
spring in the solution cultures sometimes displayed slight symptoms of nitro- 
gen and iron deficiencies after flowering. 


Results and discussion 

The relative AAO, catalase, and peroxidase enzyme activity pattern for 
iron, copper, Manganese, and molybdenum deficiencies seemed to be charae- 
teristic for each deficiency (tables | and IV). The boron and zine patterns 
were similar but differed from those of the other micronutrients. Catalase 
activity decreased with deficiencies in iron, zine, boron, and molybdenum; 
and inereased only in the early stages of copper deficiency. Peroxidase 
activity remained about the same or decreased with deficiencies in iron and 
molybdenum; and increased in later stages of deficiencies in zine, manga- 
nese, and boron. Ascorbic acid oxidase activity decreased in the plant with 
deficiencies in copper, manganese, and molybdenum. Copper-deficient plants 
had a much lower AAQ activity than plants grown on the other treatments. 

With the appearance of boron deficiency symptoms in tobacco, «e., 
blackening of the terminal bud, a marked and rapid enzymatic change 
occurred. Peroxidase and AAO activities were increased and catalase activ- 
ity decreased. Reep (8), MacVicar and Burris (6), and Kirin (5) ob- 
served an increase in polyphenoloxidase activity with the occurrence of 
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boron deficiency in plants. Reep (9) also found a higher polyphenoloxidase 
activity in zine-deficient than in normal plants 

The results obtained with the caleareous and organic soils are shown in 
table II. Catalase activity was lowest in the leaves of the chlorotic plants 
grown on the caleareous soil. Tobacco grown in the spring on these soils 
showed no symptoms of lime-induced chlorosis, gave higher yields than the 
fall plants (table III1), and had a lower ascorbic acid oxidase activity. 
Though symptoms of copper deficiency were slight, or entirely absent, the 
copper-containing enzyme, AAQ, was present in appreciably lower activity 
in leaves of plants grown on the organic soil. 


TABLE II 


COMPARATIVE ENZYME ACTIVITIES FOR TOBACCO GROWN ON CALCAREOUS, 
ORGANIC, AND ORGANIC-CALCAREOUS SOIL MIXTURES 
(DATA EXPRESSED IN ARBITRARY UNITS). 


Days 
ater ——__________—_- - - ———— 
Date trans- 1 2 3 : 5 
plant- Cal- Two thirds calcareous One third calcareous ( , . 
ing careous one third organic two thirds organic ganic Organic + Cu 


Soils 


Catalase 
12-12-51 40 210 462 441 
12-1%51 47 212 350 349 
12-31-51 59 188* 412 485 
4-23-52 43 228 293 325 
S- 6-52 56 192 208 212 


Peroxidase 
12-12-51 30 
2=19=51 34 
12-31-51 45 
5= 652 ° 56 
Ascorbic Acid Oxidase 


2-12-51 40 237 217 
2-19-51 47 279 250 
12-31-51 59 321° 313 
4-23-52 43 50 46 
4-28-52 48 160 246 
S=- 6-52 56 143 62 


*Chlorosis evident. 


The results of enzymatic activities in plants grown on both solutions and 
soils have been summarized in table IV. The water-culture controls con- 
tained 15 and 20 p.p.m. Fe (table 1). The soil control was the organie soil 
to which copper had been added (table IL). A marked degree of specificity 
was indicated by responses in enzymatic activities to micronutrient de- 
ficiencies even though only three enzymes were studied. Several of these 
patterns were established prior to the formation of visual symptoms of 
deficiency. Note also that the enzymatic patterns for plants grown on the 
calcareous and organie soils were similar, respectively, with those of iron- 
and copper-deficient plants grown on water-culture. Such data are also in 
agreement with enzymatic measurements obtained with lupines, corn, and 
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TABLE Ill 


YIELD OF TOBACCO GROWN IN THE FALL AND SPRING ON A CALCAREOUS, 
ORGANIC, AND ORGANIC-CALCAREOUS SOIL MIXTURE. 





Days 

after —$— ————— — ________- ——__—_- - ——_______—— 

Date trans- 1 2 3 4 5 
plant- Cal- Two thirds calcareous One third calcareous 

ing careous one third organic two thirds organic 


Organic Organic + Cu 


gm. green ut./ plant 


12-12-51 40 121 141 146 187 182 
12-1951 47 197 234 306 25 298 
12-31-51 59 350° 547 607 ‘ 528 

5 652 56 746 754 855 85 885 


*Chlorosis evident. 


the PI-54619-5-1 variety of soybean (2), which are all chlorosis-susceptible 
plants when grown on the calcareous soil. These data reflect the marked 
changes in these enzyme systems with varied nutrition and the range in 
adjustment of the tobacco plant to its environment. 

Instn (3) made analyses of expressed sap from several plant species and 
found that ample iron was present in the sap of both normal and chlorotie 
plants. He coneluded that chlorosis was due to the internal inactivation of 
iron. The results of this investigation are interpreted as indicating that the 
lime-induced chlorosis of plants grown on the caleareous soil is probably 
caused by iron deficiency: due either to internal inactivation or lack of iron 
in the plant. Also, the AAO enzyme activity in the plants studied appeared 
to be indicative of the external copper supply. 


Summary 
In determinations of comparative enzymatic activities for ascorbie acid 
oxidase, catalase, and peroxidase in Connecticut Broadleaf tobacco deficient 
in specific micronutrients (water cultures), each type of deficiency exhibited 
a characteristic enzymatic pattern of the leaf lamina. Tobacco grown on a 
caleareous soil (lime-induced chlorosis) gave the same type of enzymatie 
TABLE IV 


PATTERNS OF RELATIVE ENZYMATIC ACTIVITIES IN LEAF LAMINA OF CON- 
NECTICUT BROADLEAF TOBACCO WITH MICRONUTRIENT DEFICIENCIES 
IN WATER-CULTURE; OR GROWN ON CALCAREOUS OR ORGANIC 
SOILS. INCREASE (+), DECREASE (—), NO CHANGE (0) 


Deficiencies Catalase a Ascorbic acid 
oxidase 


Fe Oto — 0 
Zn + 0 
Cu 0 - 
Mn 0 to _ 
B + 0 
Mo 0 ~ 
Calcareous soil (Fe) 0 to 0 
Organic soil (Cu) 0 - 
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pattern as on iron-deficient nutrient solutions. Likewise, plants grown on 
the copper-deficient organic soil gave the same type of enzymatic pattern 
as those grown on copper-deficient nutrient solutions. 

lron-deficient plants had a relatively lower peroxidase activity than 
boron- and zine-deficient plants. Catalase activity was comparatively low 
in all three of these deficiencies. 

Manganese-, molybdenum-, and copper-deficient plants showed a com- 
parative decrease in ascorbic acid oxidase activity. The decrease was great- 
est in the copper deficient plants which had the highest catalase activity. 
Peroxidase activity appeared to be much higher in the manganese-deficient 
plants than in either of the other two deficiencies. 

Some of the enzymatic patterns characteristic of the individual micro- 
nutrient deficiencies appeared in the leaves prior to or in the absence of the 
formation of visual symptoms. 


This investigation was supported in part by the U.S. Atomic Energy 
Commission. 
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In an earlier experiment Brown and Henpricks (1) grew both chlorosis- 
susceptible plants and plants not susceptible to chlorosis on a caleareous 
soil of limited iron-supplying capacity, an organic soil of limited copper- 
supplying capacity and mixtures of the two soils. Since it was believed that 
a deficiency of either element in the plant would result in a changed activity 
of some enzyme, comparative enzymatic activities of ascorbic acid oxidase 
(a copper enzyme), catalase, and peroxidase (iron enzymes) were deter- 
mined. Three varieties of lupines and one of soybeans developed a severe 
lime-induced chlorosis but showed no response to copper. These plants all 
exhibited comparatively low catalase activity. Lime-induced chlorosis did 
not develop in Thatcher wheat grown on the naturally calcareous soil, but 
the crop did show copper-deficiency symptoms when grown on the organic 
soil. Ascorbic acid oxidase activity was high in normal Thatcher wheat, 


and since this is believed to be the terminal oxidase in wheat (7), it may be 


a factor which allows the plant to grow on a soil with limited iron supplying 
capacity. 

In the present experiment it was considered desirable to extend the above 
observations to additional crops to determine the extent to which this gen- 
eralization might hold. A elassification of plants seemed possible based 
upon the plant’s response to the two types of nutrition studied. 


Methods and materials 

Thateher spring wheat, Hannehen barley, Long Green okra, cocklebur, 
Ottawa Select spring rye, Red kidney beans, Marglobe tomatoes, and Con- 
necticut broadleaf tobacco were grown on the following soils: soil 1, natu- 
rally caleareous, pH 7.8; soil 2, two thirds caleareous and one third organic, 
pH 7.5; soil 3, one third caleareous and two thirds organie, pH 7.2; soil 4, 
organic soil, pH 6.0; and soil 5, organie with added CusO,:5 H.O. These 
soils provided a range of availability of both iron and copper. The plants 
were grown in the greenhouse on the above soil treatments in two-gallon 
glazed erocks as previously described (1). 

Comparative measurements of the apparent activity of the enzymes 
ascorbic acid oxidase, catalase, and peroxidase were carried out under fixed 
procedures previously deseribed (1). Ascorbie acid oxidase activity Was 
determined manometrically and catalase gasometrically, using asecorbie acid 
and hydrogen peroxide, respectively, as substrates. Peroxidase activity Was 
determined colorimetrically using catechol. All plant material was harvested 
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for analyses about 8:00 a.m. The leaves were taken from the upper half of 
the plant, combined, and cut into small pieces with scissors. Samples for 
ascorbic acid oxidase and peroxidase measurements were frozen overnight 
and determined the day following harvest. Catalase measurements were 
completed approximately two hours after harvest. 

Comparative rather than quantitative extraction of the enzymes from 
the plant was considered satisfactory to the objectives of this investigation. 


ay 
hig. 1. A. Long Green okra on soils 1 to 5. Plants with limited copper supply on 
soils 3 and 4 and to a lesser extent soil 2 show interveinal chlorosis of lower leaves and 
retarded growth. B. Midland milo on soils 1 to 5. Plants with limited copper supply 
on soils 3 and 4 show a reddening of leaf tips, chlorosis and retarded growth 


Several duplicated experiments showed that the error between extractions 


of enzyme from the plant tissue was about 15%. The agreement of the 


extractions appeared to warrant comparisons between like material grown 
on the varied soil treatments. The plants were all grown, harvested, and the 


determinations made under like conditions. 


Results 


Wheat, barley, okra, milo, and cocklebur plants responded to copper but 
did not develop lime-induced chlorosis. Figures 1 A and B, and 2A show 
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some of these plants and the nature of their response. Red kidney beans 
(fig. 2B) and tobacco grew vegetatively well on the copper-deficient soil 
but did show some lime-induced chlorosis when grown on the calcareous soil. 
No chlorosis was evident in the spring harvested tobacco, but chlorosis did 
develop in the fall grown crop. None of the five soil treatments caused rye 
(fig. 3) to become chlorotic although the yield of plants grown on the eal- 


careous soil was reduced. 


Fic. 2. A. Cocklebur grown on soils 1 to 5.) Plants with limited copper supply on 
soils 3 and 4 failed to develop their burs and the leaves show necrotic areas. B. Red 
kidney beans grown on soils 1 to 5. Plants grown on calcareous soil 1 are chlorotic and 
retarded in growth. Plants grown with limited copper supply on soils 3 and 4 did not 


respond to copper. 


Tables I and IT give the yields and comparative enzymatie data for the 
above plants. The ascorbic acid oxidase activity was generally in agree- 
ment with the copper level of the growth medium regardless of the plant’s 
showing a growth response to copper. Those plants which developed lime- 
induced chlorosis generally had a lower catalase activity than the nonchlo- 
rotie plants grown on the other treatments. Yield and enzymatic activity 
of tobacco appeared to be influenced by the season in which grown (fall or 
spring). 

The visual deficiencies and enzymatic activities were not the same for 


all plants which responded to copper. Vegetatively, cocklebur showed very 
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Fic. 3. Ottawa Select spring rye grown on soils 1 to 5. Rye did not develop 
deficiency symptoms on any of the treatments 


little response to copper, but as the plant became reproductive the burs 
failed to develop where copper was limited. Cocklebur thus differed from 
wheat, barley, okra, and milo which were all markedly reduced in growth. 
A very high endogenous activity was observed in determining ascorbic acid 
oxidase activity in copper-deficient milo plants. A poor correlation (table I) 
between visual deficiency symptoms and ascorbic acid oxidase activity was 
obtained for milo grown on soil treatments 1,2, and 3. Treatments 4 and 5 


TABLE III 


PLANTS GROWN ON A CALCAREOUS AND ORGANIC SOIL, AND THE 
OCCURRENCE OF LIME-INDUCED CHLOROSIS OR COPPER- 
DEFICIENCY SYMPTOMS, RESPECTIVELY. 


Calcareous soil . Organic soil 
Plants (Lime-induced (Copper-deficiency 
chlorosis) symptoms) 


0 + 
0 + 
0 + 
0 + 
0 + 
+ 0 
+ 0 
+ 0 
+ 0 
+ 0 
+ 0 
+ +4 
> ++ 
0 

0 


0 
0 


Thatcher wheat 
Hannchen barley 
Long Green okra 
Midland milo 
Cocklebur 
Red kidney beans 
White lupine 
Blue lupine 
Yellow lupine 
PI-54619-5-1 soybean 
Connecticut broadleaf tobacco 
Marglobe tomatoes 
Minn Hybrid no. 800 corn 
Hawkeye soybean 
Ottowa Select spring rye 

+ Visual deficiency symptoms other than retarded growth. 

0 No visual deficiency symptoms. 

++ Partial deficiency symptoms. 
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gave a good correlation. Milo appears to be limited in growth through a 


copper system, but not necessarily in the same manner as wheat and barley. 


Discussion 


The plants grown in this and a previous study (1) are grouped, table III, 
according to their response to the two types of nutrition investigated. From 
this grouping of plants it would appear that the plant's capacity to adjust 
to a particular environment might largely depend upon the plant’s metabolic 
requirements. Wheat, barley, okra, milo, and cocklebur plants developed 
severe copper-deficiency symptoms, but none of these plants became chlo- 
rotie when grown on the caleareous soil. In contrast to the above plants, 
three lupines, soybeans, red kidney beans, tobaeco, and rye did not respond 
to copper. This does not preclude some response to copper whieh might 
have been observed if these plants had been allowed to complete their repro- 
ductive development. The latter plants, except rye and soybeans, developed 
lime-induced chlorosis and appeared to be much more dependent upon avail- 
able iron than copper. 

Comparative enzymatic activities of ascorbie acid oxidase, catalase, and 
peroxidase, determined in this investigation, agreed with data from the 
previous study (1). The catalase activity was lower in lime-induced chlo- 
rotie than in normal green plants and there was no significant change in the 
peroxidase activity. If catalase activity is accepted as a possible index of 
active iron available in plant metabolism (2) lime-induced chlorosis ap- 
peared to be a true iron deficiency. Also, in view of the data available 
(3, 5, 6) which indicate that the iron concentration in chlorotic plants is 
about the same as that found in non-chlorotic plants, it seems probable that 
iron must be inactivated in some lime-induced chlorotic plants. 

The cause of this inactivation or nonutilization of the iron present in the 
plant is yet to be determined. It seems possible that a different or altered 
metabolism in the plant may be a factor in determining the degree of sus- 
ceptibility of plants to lime-induced chlorosis, since copper-requiring sys- 
tems of metabolism seemed to predominate in most plants not susceptible 
to the chlorosis. The terminal oxidase in wheat and barley, two plants not 
susceptible to lime-induced chlorosis, has been determined by Waycoop (7) 
and James and Crace (4), respectively, to be ascorbic acid oxidase which 
might be a factor to enable these plants to utilize iron and grow on the natu- 
rally caleareous soil on which active iron becomes limiting in the chlorosis- 
susceptible plants. Lron-requiring metabolic systems appeared to predomi- 
nate in plants susceptible to the lime-induced chlorosis and these plants were 
not copper responsive. 

Plants grown on the calcareous soil seemed to have sufficient available 
copper as indicated by the relatively high ascorbic acid oxidase activity 
found in most of these plants. This available copper supply, in contrast to 
a low catalase activity or nonutilizable iron supply, may be an accentuating 
factor toward the development of lime-induced chlorosis. The average 
copper concentration in the leaves of 10 of the plants listed in table IIL was 
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6 p.p.m. in plants grown on the calcareous soil, 3 p.p.m. in plants grown on 
the organie soil, and 11 p.p.m. in plants grown on the organic soil to which 
copper sulphate was added (unpublished). Ascorbic acid oxidase activity 
appeared to be a good index to the available copper in most plants whether 
the plants did or did not show visual copper-deficiency symptoms. An in- 
creased activity of ascorbic acid oxidase with the addition of copper sulphate 
to the organic soil was observed in all of the plants studied. 


Summary 


Wheat, barley, Midland milo, okra, and cocklebur plants responded to 
copper When grown on the organic soil, but did not develop chlorosis on the 
‘saleareous soil. Red kidney beans and tobacco grew well on the copper- 
deficient organic soil, but did develop chlorosis on the calcareous soil. To- 
matoes grown on the caleareous soil became chlorotic and also showed a 
small response to copper. Rye grew well on all of the soil treatments. 

The catalase activity was lower in lime-induced chlorotic plants than in 
normal green plants but there was no significant change in the peroxidase 
activity. Ascorbic acid oxidase in the chlorotic plants was about the same 
as that in the normal plants. 

Ascorbie acid oxidase activity appeared to be a good index of the 
available copper supply, whether the plant did or did not show visual 
copper-deficiency symptoms, 


This investigation Was supported in part by the U. 8. Atomic Energy 
Commission. 
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The shedding of young cotton bolls has for many years been widely 


attributed to nutritional relations; insufficient carbohydrate and nitrogen 
supplies have most often been thought of in this connection. This view of 
the cause of boll shedding is possibly quite old, but the first reference with 
which the writers are familiar is that of Mason (20) in 1922 in which he 
said that both the cessation of growth of the main axis and the augmented 
susceptibility to shedding could be attributed to a correlation factor which 
tended to defleet the supply of elaborated food from the apical part of the 
plant to the fruit developing on the basal fruiting branches. In 1984 Mason 
and Puituts (21) wrote that the bolls drain the vegetative plant of its food 
materials, the leaves yellow and fall off as nitrogen is drained away, and as 
the strain increases the flower-buds and bolls themselves are starved and 
shed. In 1931, one of the present writers (2) stated that the nutritional 
dominance of bolls over the vegetative growth of the cotton plant had fre- 
quently been observed to inhibit boll setting and terminal bud and branch 
development. Eaton, in a section of a Field Station report by Kine and 
Loomis (17) stated that a very close relation exists between the rate at 
which organie products are made available by photosynthesis and the num- 
ber of bolls that the cotton plant retains. None of the foregoing conclusions 
Was supported by original analytical data but it was known from earlher 
work that the nitrogen content of vegetative parts of the cotton plant de- 
clines with the advance of the summer. Mason (20) had found that the 
removal of all leaves caused a prompt shedding of nearly all young bolls 
carried by Sea Island cotton plants, and Karon (2) had found that when 
previously set bolls were removed from Upland plants these were replaced 
Within a matter of 10 days with new bolls. Hawkins et al. (15) measured 
the trends in carbohydrate levels in cotton plants throughout a summer and 
concluded in 1933 that the percentage of shedding is regulated by the 
amount of plant food available for the development of the young bolls. The 
conclusions drawn by Wap LeicH (23) in 1944 were that when developing 
ovules in cotton bolls already set have sufficiently depleted nitrogenous or 
carbohydrate reserves to a level of inadequacy for further ovule develop- 
ment, the additional young bolls absecise because of ovule abortion; after 
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a plant had set a number of bolls sufficient to deplete its nitrogen reserves, 
all subsequently formed young bolls abscised and, very soon thereafter, 
young squares abseised and the terminal buds of the fruiting branches 
aborted; there was little relation between percentage of abscission and 
treatment. 

The present paper raises a question on the adequacy of the nutritional 
interpretation. Chemical and shedding data are presented on the effects of 
girdling and of spraying cotton plants with solutions of sucrose and urea and 
of combinations of these treatments and, also, on the seasonal march of 
carbohydrate and nitrogen levels in the cotton plant and its bolls through 
the fruiting period. The thought that spraying cotton plants with suerose 
might supply a new approach to this old problem was suggested by remarks 
of F. W. Went in June 1947 when he reported outstanding growth responses 
with tomatoes sprayed with sucrose solutions. Went and Carrer (25) have 
reviewed the literature on the uptake of sugars from solutions. In one of 
their experiments in a dark room, unsprayed tomato plants grew 15.8 mm. 
in six days; plants sprayed on the upper sides of the leaves with 10% sucrose 
grew 27.5 mm. and those sprayed on the underside grew 37.0 mm. Another 
of their experiments showed that the entry of sucrose was not dependent 
upon open stomata; the stomata in the tomato, as in cotton, are more numer- 
ous in the lower than in the upper epidermis. The authors pointed out that 
the upper cuticle is thicker than the lower and, also, that the concentration 
of the sucrose spray should make little difference since the concentration 
alWays increases as evaporation progresses 

Urea sprays have been tested for a longer period than sucrose sprays. 
In general (6, 11, 12, 16, 20) plants on soils that respond to soil applications 
of nitrogen also respond to urea sprays and sometimes more promptly and 
with certain advantages. EMMert and Kuinker (6) have reported that the 
tendency for urea sprays to cause leaf burning is avoided when sufficient 
sucrose is added to the solution. Because of the current interest in both 
sucrose and urea sprays, the results of the experiments involving these are 


given more attention in this paper than they would otherwise have received. 


Methods 


The sucrose and urea spray experiment of 1947 at Shafter, California, 
Was with Missdel x Acala Fx10-13 plants in six-foot row segments for each 
plot in five randomized blocks. There was an average of 6.2 plants per plot, 


extra plants were treated at the end of each plot to provide sample material. 


Previously set bolls (an average of one per plant) were removed on July 3. 


All subsequent flowers and shed bolls were counted daily. The plants were 
sprayed six days per week, usually in the late afternoon, starting on July 3 
and continuing until August 26. Samples for analyses consisted of four leaf 
blades from the middle third of the main stem of each of 12 plants, the peti- 
oles of these leaves, the middle third of the main stems of the same 12 plants 
and 13-day-old bolls (10 to 14 per sample). These samples were collected 
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on July 16, July 31, and August 14. On the collection dates, half of the 
samples were taken in the late morning and half in the early afternoon. 
Plant heights were measured weekly. Before weighing and drying, the sam- 
ples were agitated in two changes of water to remove surface materials. In 
spraying, a spreader was used and the upper surfaces of all leaves were 
thoroughly wetted. The four treatments were 20% sucrose spray, 1% niiro- 
gen (Nugreen) spray, 20% sucrose plus 1% nitrogen, and water spray only. 
The plots were irrigated weekly. 

The 1948 experiment was also with a Missdel x Acala strain and as in 
1947 the plots were irrigated weekly. The treatments were started on August 
14 and continued for 11 days. Plants were treated in four ways: (a) 
sprayed each second day on their upper leaf surfaces with 2% nitrogen 
(six times), (b) girdled above a large fruiting branch, (e) both girdled and 
sprayed as above, and (d) untreated. There were 10 consecutive plants for 
each treatment in each of four blocks with extra treated plants in each plot 
for samples which were collected on August 21. By August 21, few of the 
girdles had been bridged by new tissue. Duplicate samples from eight plants 
from each treatment were collected, one sample being from the upper two 
blocks and one from the lower two. The root samples were composed of the 
tap and larger secondary roots as lifted with a shovel. The leaf and stem 
samples were from the middle third of the main stalks. Each day’s flowers 
(August 14 to 24 inclusive) were counted and marked with a different 
colored tag. On August 29 the tags from the healthy bolls remaining on 
the plants were collected for the boll-shedding record. 

The carbohydrate and nitrogen analyses were made by methods previ- 
ously described (5, 7). The organic acids in the leaves were determined by 
methods described by PucueER et al. cited elsewhere (8). 


Results 


EFFECTS OF SUCROSE AND UREA SPRAYS IN 1947 


The carbohydrate and nitrogen concentrations found in the plants of the 
spray experiment in 1947 are reported in table IT as the averages of the three 
collections. The effects of the treatments on plant growth, flowering and 
boll retention are shown in table II]. Starting during the second week of 


spraying, there was evidence of marginal burning of the leaf blades sprayed 


with urea alone. This burning progressed and by late August the plants 
sprayed with urea alone had about half the leaf area of the other treatments. 
When the same amount of urea was used with 20% sucrose there was no 
burning; the latter plants, like the sucrose-sprayed plants, had the same 
appearance as the control (water spray) plants. Table I shows that far less 
nitrcgen was accumulated in the leaves when the urea was combined with 
sucrose than when the urea was used alone. This depression in urea absorp- 
tion would account for the absence of burning. 

When the experiment was started, a gummy coating of sucrose (both 


sucrose alone and sucrose plus urea) remained on the surface of the leaves 
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from one day to the next. But early in the second week, it became difficult 
to distinguish the leaves that had been sprayed the evening before with 
sucrose from those that were sprayed only with water. The samples were 
collected in moist cotton bags and kept in the shade until they could be 
taken to the laboratory for washing and weighing. On one of the sample 
dates, the plants had been sprayed in the early morning; the leaves when 
collected were coated with sucrose. When taken from the bags for washing 
those sprayed with sucrose were found to be very wet. The solution on the 
surface of these leaves (not found on the leaves treated with urea or water) 
TABLE I 


CARBOHYDRATE AND NITROGEN LEVELS IN VARIOUS PARTS OF 
COTTON PLANTS SPRAYED WITH WATER, SUCROSE AND UREA, 
PERCENTAGES ON FRESH WEIGHTS, MEANS OF COLLEC- 
TIONS OF JULY 16, JULY 31, AND AUGUST 14. 


' Carbohydrates Nitrogen 
Plant Spray 


Moisture 
part treatment 


Hemicel- 


Hexose Sucrose Starch Sum 
lulose 


Soluble Insoluble 


Leaf Water only 0.05 0.13 0.28 0.46 0.76 0.16 0.54 
blades Sucrose 07 olS 31 53 83 14 58 
Urea m -O1 -02 20 23 83 32 ote 
Sucrose 
and urea -07 -09 022 .39 .84 21 
L.S.D. 5% -10 19 20 -06 08 


Petioles Water only .09 15 2 -50 .20 
Sucrose 2 -26 -58 20 
Urea : .06 Fs 17 -36 Pe 
Sucrose 
and urea -10 ° o2¢ 44 
L.S.D. 5% 14 0% -05 


Water only a -56 a2 
Sucrose 14 -45 47 e 12 
Urea : ot 38 -43 P 13 
Sucrose 

and urea 7 lS 44 2 


L.S.D. 5% -08 15 ° : 05 
13-Day Water only 1.24 88 2. 12 18 
Bolls Sucrose 1.26 -02 -79 «2.08 11 18 
Urea 7 1.06 .90 7 5 ott 
Sucrose 
and urea 1.17 0 101 2.2 13 20 
L.S.D. 5% ° 052 04 19 -58 -026 -026 


Was apparently the result of leaf water withdrawn by osmosis from inside 
the leaves. 


The dew-point was reached during about half of the nights of the experi- 
ment and it Was approached on the remaining nights. With this high nightly 
humidity it seems evident that there was enough moisture withdrawal by 
osmosis from leaves to let the suerose solution drip to the ground. This 
runoff caused by osmosis apparently did not occur until after the surface 
cuticle had been altered during the first week of spraying. The analytical 
data of table I show little evidence that suerose was absorbed. The obser- 
vations are pertinent, nevertheless, that between about 4 P.M. and 4 A.M. 
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there was an opportunity for epidermal uptake of sucrose and that after the 
first week the epidermis was permeable, at least to water. Computations 
made at several stages of the experiment showed that enough sucrose was 
being applied to have supported double the number of bolls being developed 
by the plants. 

Sucrose when used as a spray alone (table I) gave slight nonsignifieant. 
increases in the carbohydrates of the leaves and petioles. These increases, 
however, were balanced by non-significant losses in the stems and bolls 13 
days old. There was no significant effect of sucrose spray on cither of the 
soluble or insoluble nitrogen fractions in any of the tissues. 

Urea used alone reduced the sugar and starch in leaves, petioles and 
stems and these reductions were for the most part significant. There was 
a small loss of carbohydrate in the bolls as well. With only one exception 
(insoluble nitrogen in petioles), the urea spray increased both soluble and 
insoluble nitrogen in all tissues; these nitrogen gains were usually significant. 


Some of the carbohydrate reduction associated with the urea spray is re- 


flected in gains in the carbon content of the nitrogen compounds. Using for 
purposes of comparison, the factor 6.25 to convert the total nitrogen to pro- 
tein, there was in the leaves a gain of 2.18% in terms of protein equivalent 
against the reduction of 0.23¢¢ found for carbohydrate. In the stems the 
protein gain failed to compensate for the earbohydrate loss. In the bolls, 
the loss of carbohydrate was 0.19% and the protein gain was 0.388%. The 
spray of sucrose and urea resulted in slight non-significant losses in total 
carbohydrate (a small gain in the bolls) and slight gains (petioles excepted) 
in total nitrogen. All of the sprays caused significant increases in hemi- 
cellulose concentrations in the leaves. 

In general, it would seem that the effeet of the sucrose spray and the 
suerose and urea spray on the carbohydrate concentrations in the plants 
were too small to merit consideration. Some interest can be attached to the 
increased nitrogen but lowered carbohydrate concentrations in all tissues 
resulting from the use of the urea spray alone. There are yet to be con- 
sidered some analyses (table II) of the concentrations of various organic 
acids in the leaves. It has been recurrently suggested that the organic acids 
may be involved in the initiation of reproductive processes. 

All of the sprays reduced the concentrations of citric and malie acids 
(table Il). The effeets of the urea spray in reducing male acid and of the 
sucrose spray in increasing the unidentified acids were especially marked. 
The reduction in malice acid by the urea spray Was not compensated by gains 
in the other acids and the loss shows up significantly in the total organic 
acids. The low total organie acids found in the leaves sprayed with urea 
are associated most logically with reduced concentrations of bases which 
have been found in other plants as well as in cotton (8) when fertilized with 
ammonium salts. Any association between changes in the organic acids and 
the retention of bolls, if such existed, might be the significant loss in eitrie 
acid and gain in the unidentified acids that resulted from the suerose spray. 
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TABLE II 


ORGANIC ACIDS OF LEAVES, DATA EXPRESSED AS MILLIGRAM 
EQUIVALENTS PER 100 GRAMS DRY WEIGHT. 


Treatment Citric Malic Unidentified 


Oxalic 


Water only 77.2 99.5 11.7 24.1 
Sucrose 58.6 87.0 12.3 37.3 
Urea 62.0 70.9 11.7 26.3 
Sucrose and urea 65.8 89.3 11.5 28.9 
L.S.D. 5% 16.7 11.6 0.6 4.7 


As shown in table III], there was an apparent disadvantage from all the 
sucrose and urea spray treatments on plant height, but these differences 
lacked statistical significance. There were no significant effects of the vari- 
ous sprays on the number of flowers produced. Each of the three spray 
treatments reduced the number of bolls retained; in each case, these reduc- 
tions were significant. The trends of the four treatments in flower produc- 
tion and boll shedding were noted to follow similar courses, 7.e., the three 
sets of sprayed plants remained like the controls in flowering rates but 
gradually fell below in boll retention. It seems evident that if any of the 
sucrose sprayed on the leaves was taken up by the plants it was offset by 
reduced photosynthesis. 

This experiment like the one that followed in 1948 was conducted under 
conditions of high nitrate supply. The irrigation water at Shafter, Cali- 
fornia, adds 25 pounds of nitrate nitrogen per acre foot of application. 
About four acre feet of water, or 100 pounds of nitrogen, are applied annu- 
ally and cotton at the Shafter Station has shown no response to additional 
applications. 

EFFECTS OF GIRDLING AND UREA SPRAYS IN 1948 

The girdling and spraying with urea in this experiment were done at a 
time when the cotton plants were shedding over half of their bolls. The 
girdle was cut above one of the lower fruiting branches that had four or 
five leaves; special care was taken to avoid injuring the xylem as much as 
possible. A pair of razor blades were set 5 mm. apart in a block of wood 


TABLE Ill 


GAIN IN PLANT HEIGHT (JULY 4 TO AUGUST 25), AND NUMBER PER PLOT 
(ABOUT SIX PLANTS) OF FLOWERS (JULY 3 TO AUGUST 21) AND 
OF BOLLS RETAINED (JULY 3 TO AUGUST 27). 


Spray treatment Height Flowers Br 





cm, 


Water only 51 188 80 
Sucrose 47 189 §7 
Urea 43 203 69 
Sucrose and urea 41 204 65 
L.S.D. 5% ll 34 ll 
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with the edges protruding only far enough to cut just through the bark of 
most of the stems. As soon as the strip of bark was removed, the wound 
Was wrapped with scotch tape. The girdles were cut, the first urea spray 
applied, and the tagging of flowers was started on the same day. The sam- 
ples for chemical analyses were collected a week later. On the eleventh 
day, none of the plants showed any appearance of having been injured by 
the girdling and there was at that time only minor marginal leat burning 
from the spray of 2% nitrogen applied each second day (six times in all). 
The urea spray (both with and without girdling) more than tripled the 
soluble nitrogen of the leaves and almost doubled that in the stems (table 
IV). There was a substantial increase in protein Ginsoluble) nitrogen in the 
leaves but not in the stems. Urea spray, relative to the control plants, and 


TABLE IV 


EFFECT OF UREA SPRAY AND GIRDLING ON CARBOHYDRATE, NITROGEN, 
PHOSPHORUS, AND POTASSIUM CONCENTRATIONS, THE SAMPLES 
WERE COLLECTED ONE WEEK AFTER STARTING THE 
TREATMENTS. DATA ARE EXPRESSED AS 
PERCENTAGES ON FRESH WEIGHT. 


Pert of Treat- Mois Carbohydrates Nitrogen 


Pho Se 
plant ment ture 


Hexose Sucrose Starch Sum Soluble Insoluble phorus 

Leaves Control 77.6 0.12 0.19 0.40 0.71 0.14 0.60 0,056 
Urea 75.4 02 .04 36 = .42 oS} 072 -060 
Girdle 77.6 el .20 58 .90 15 254 048 
Urea and 


girdle 74.5 -06 06 49 ~=«61 -48 +69 -052 


Control 74.0 16 -70 ai -06 of} -032 
Urea 72.6 -08 44 2 aa ell .039 
Girdle 71.0 .28 at 3 p eli -020 
Urea and 

girdle 70.0 mi | .80 96 ° Lt 13 024 


Control 71.2 -20 ‘ 0. 10 -046 
Urea 71.2 14 -98 a .10 -050 
Girdle 71.9 74 60 ° 09 -038 
Urea and 

girdle 71.2 14 -64 66 1. - -09 042 


the urea and girdling treatment, relative to the girdled plants, caused 25 to 


40% reductions in the sums of sugars and starch in the leaves and stems. 
Girdling alone increased the concentrations of sugars plus starch by 27% 
in the leaves and by 100% in the stems. In the large roots there was a 60% 
reduction in carbohydrate. Treatment with urea and girdling, relative to 
the control plants, reduced the carbohydrate in the leaves a little, but in- 
creased that in the stems from 1.17 to 1.97% ; this increase Was associated 
with an increase from 0.17 to 0.25% in total nitrogen. During the period of 
the observations, flowering rates (table V) were not influenced by any of the 
treatments. Relative to the control plants the urea spray reduced the num- 
ber of bolls retained to one half. Girdling redueed the number of bolls 
retained to one third. Urea and girdling together reduced the number to one 
fifth. Relative to the control plants all of these reductions were statistically 
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significant. Neither the large increase in nitrogen from urea treatment and 
the carbohydrate gain from girdling, nor the increases in both from urea and 


girdling increased boll retention per se; instead there were large decreases. 


SEASONAL TRENDS IN CARBOHYDRATES LEVELS 


As a further basis for evaluating possible effects of carbohydrate and 
nitrogen levels on boll shedding, there have been assembled in table VI, from 
other experiments, results showing the seasonal mareh of carbohydrate con- 
centrations In the middle third of the main stems of five varieties (12 plants 
per sample) at College Station, Texas, in 1945 and in three varieties at 
Shafter, California, in 1947. At Shafter, data were obtained on nitrogen, 
as well as carbohydrate concentrations, in leaves (four leaf blades from the 
middle third of each of the 12 stems) and in 13-day-old bolls (12 bolls usu- 
ally from the above plants). In both years, the plants were sampled about 
July 15, August 1, and August 15. At College Station the plants were 
sampled from randomized plantings in mid-afternoon. At Shafter, half of 


TABLE V 


FLOWERS PER 10 PLANTS DURING PERIOD OF SPRAYING, AUGUST 14 TO 
24 INCLUSIVE, AND NUMBER OF HEALTHY BOLLS FROM 
THESE THAT REMAINED ON PLANTS ON AUGUST 29. 


Treatment 


Flowers Bolls retained 


Control 78 
Urea 69 15 
Girdle 71 9 
Urea and girdle 77 6 


n 
‘ 


the samples were colleeted in mid-morning and half in mid-afternoon. In 
the instance of the Stoneville and Aecala varieties, the sampling was divided 
between two consecutive diays reversing the order of collection in the two 
morning and two afternoon samplings. During both years, the plants had 
started to flower in early July and were fruiting rapidly and retaining nearly 
all of their bolls on July 15. By August 1, there was a little shedding but 
most of the bolls were being retained. By August 15 over half of the bolls 
were being shed. All plants were grown in plots irrigated weekly. 

The middle third of the main stem provides a creditable index tissue for 
carbohydrate levels in the cotton plant. As shown in table VI, earbohy- 
drates accumulate in the stems in concentrations three times those of the 
leaves. Carbohydrates being moved downward to the roots and much of 
those interchanged between the fruiting branches pass through this portion 
of the plant. Bolls 13 days from flowering were used beeause at this age 
they are well bevond the stage that they might be failing to develop prior 
to shedding; also they are five to eight days ahead of carbohydrate utiliza- 
tion in oil synthesis in the seed and in cellulose deposition in the secondary 
thickening of the walls of the lint cells. 
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The large decrease in the carbohydrates of the Missdel x Acala strain 
in late July (table VI) is perhaps of some general interest in that the strain 
had been selected by G. J. Harrison for its high resistance to Vertieillium 
wilt; but Stoneville and Aeala plants with bolls removed to increase their 
carbohydrates also appeared to have some extra resistance. In another 
paper (3) in which some of these data were used, attention has been ealled 


TABLE VI 


CARBOHYDRATE AND NITROGEN LEVELS THROUGH THE PERIOD OF BOLL 
SETTING. THE FIRST SAMPLES WERE TAKEN ABOUT JULY 15 (EARLY 
FRUITING), AUGUST 1 (HEAVY BOLL SETTING), AND AUGUST 15 
(HEAVY BOLL SHEDDING). DATA EXPRESSED 
AS PERCENTAGES ON FRESH WEIGHT. 
Location, tissue, 
and variety 


Sum of sugars 


Total ars 
— and starch 


Total nitrogen 


Sampling: 3 2 3 ] 2 . 3 


College Station, 1945 

Stems, middle 
Arkansas Rowden B 4 2 2.97 
D& Pl 14 
Hi-Bred 
Stoneville 2 B : 3.73 
Oklahoma Triumph 92 ‘ 2. 


Shafter, 1947 

Stoneville 2 B 
Leaves 0.84 
Stems, middle l ‘ “25 
Bolls, 13 days 3.3: 28 

Acala p 18 
Leaves : ‘ 86 
Stems, middle d 025 
Bolls, 13 days 029 

Missdel x heal 
Leaves : 7! 4! 81 
Stems, middle : ; 029 
Bolls, 13 days K 2.47 o32 


Means: 

College Station 
Stems 1.87 

Shafter 
Leaves -40 38 28 94 -69 62 84 of 072 
Stems 125 1.13 .90 1.76 1.76 26 2) 417 
Bolls 1.79 135 1:24 3.30 2.31 2.2! 30 .26~ = 19 


to significant differences in carbohydrates between the five varieties at Col- 


lege Station and, also, to the fact that the Stoneville at Shafter had only 
60% as much sugar plus starch as at College Station 

Directing attention to the levels of carbohydrates in the stems of the 
Stoneville and Aeala varieties at Shafter, there was a substantial gain in the 
sugars of Stoneville (1.08 to 1.867) between mid-July and mid-August and 
during the same period there was a somewhat larger loss (1.46 to 0.94% ) in 
Acala. Between these dates starch increased in Stoneville from 0.35 to 
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0.95% and in Acala from 0.33 to 0.69%. Both varieties, it will be reealled, 
were retaining most of their bolls in mid-July and shedding most of them in 
mid-August. At College Station, with a similar shedding performance, there 


was no mid-July to mid-August change in the five-variety sugar average 
but there was an average gain in starch from 0.71 to 1.82%. These data 
fail to provide a carbohydrate explanation for the boll shedding in August. 
The carbohydrate data for the bolls 13 days old are yet to be considered. 
Nitrogen concentrations were found to follow a downward course in all 
tissues in California and, in keeping with earlier data, this was probably 


the case at College Station also. The possible significance of the declining 
nitrogen levels in connection with boll shedding should be considered with 
the fact that in the short experiment of 1948, the urea spray increased nitro- 
gen and caused more rather than less shedding. Neither at College Station 
nor at Shafter were the cotton yields increased by nitrogen fertilization. 

Step-by-step decreases occurred in the young bolls in the concentrations 
of both sugars and starch in going from mid-July to mid-August (table VI). 
In mid-July there is evidence of rather strong polar transport from the 
leaves to the stems and from the stems to the bolls. In both varieties the 
carbohydrate differentials between the stems and bolls had almost disap- 
peared by mid-August. This failure of the 13-day-old bolls to maintain 
favorable sugar differentials relative to the stems might appear on the basis 
of the evidence of table VI to provide an explanation of the increased shed- 
ding of young bolls as the cotton plant becomes older. The data of table 
VII provide an opportunity for a further examination at this point. 

In 1947, there were two plantings of both the Stoneville and Acala varie- 
ties that were made later than the one that supplied data for table VI. Each 
of the three plantings was grown at three moisture levels: wet, irrigated on 
each side of the rows each week; intermediate, irrigated on one side each 
week; and dry, irrigated on one side each second week. 

The three plantings were three weeks apart. The second planting started 
flowering 15 days after the first and the third 15 days after the second. 
Three sets of samples (table VII) were collected from the first planting, two 
from the second planting and one from the third; all three plantings were 
sampled at the last date and the first two at the intermediate date. For the 
four-day periods preceding and including July 14, July 29, and August 11 
the average maximum temperatures were 93, 95, and 95° F respectively, the 
minimum temperatures were 60, 62, and 65°, the relative humidities 34, 34, 
and 32%, and the day length 14.4, 14.1 and 13.7 hours. The respective mean 
values for the actual sampling days were maximum 96, 96, and 98, minimum 
62, 63, and 64, and humidity 33, 35, and 32. As computed by T. H. Mac- 
Donald of the U. 8S. Weather Bureau, the mean clear-day horizontal-plane 
total radiation for the period June 30 to July 19 was 770 gram calories per 
sq. em. per day and 700 gram calories for the period July 26 to August 14. 

The carbohydrate and nitrogen data are presented both on the basis of 
the results in the wet plots and on the basis of the means of wet, intermedi- 
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ate, and dry treatments. Each of the three plantings of both varieties of 
cotton retained nearly all bolls during the first weeks of their flowering. By 
mid-August, the first plantings of both varieties were shedding most of their 
new bolls whereas the last plantings were retaining their bolls. 

In the first planting, the concentration of total sugars in both the Stone- 
ville and Acala bolls was higher in mid-July than at later dates and higher 
also than any levels reached by the later plantings. For the means of the 
three levels of moisture supply in mid-August, the concentrations of sugar 
and starch, and under the wet treatment the concentrations of sugars, were 
equally low in the stems and in the 13-day-old bolls of the first and last 
plantings. Also in the means, only minor differences were found in mid- 
August in the concentrations of nitrogen in the two plantings. This lack of 
difference between the young and old plants in the level of carbohydrate 
and nitrogen supply in the stems and in the operational levels within their 
13-day-old bolls affords no insight as to why the older plants should have 
been shedding their bolls profusely at the same time the young plants were 
retaining their bolls. 

The interpretation of the data for the bolls might have been aided had 
bolls during the first days of their development been analyzed; but during 
this early period there is no certain basis for distinguishing between bolls 
that are going to shed (these presumably would be low in carbohydrate) 
and the bolls that will be retained. The general observation is accordingly 
appropriate that whether or not carbohydrate levels within very young bolls 
are causally involved in shedding, antecedent differences are not shown in 
the stems of the shedding and non-shedding plants nor are differences 
reflected in the 13-day-old bolls of such plants 


Discussion 


Some of the literature on the shedding of cotton bolls is pertinent to the 
present discussion. Similar percentages of boll shedding have been found 
with variations in manuring and fertilization. Ewine (10) obtained widely 
different growths and numbers of flowers on poor soil and on rich bottom 
soils, but the percentages of bolls that shed were much the same. In a less 
striking field experiment (22) similar percentages of shed bolls were found 
when the proportions and amounts of N, P, and K were varied. 

Data on the carbohydrate and nitrogen accumulations within the plant 
in relation to NOs supply are available. Wap teicn (23) using four nitrate 
levels in sand cultures in a whitewashed greenhouse in the summer, pointed 
out that regardless of treatment 60 to 70% of all blossoms produced were 


shed and gave thought to the possible bearing of nitrogen and carbohydrate 
deficiencies on shedding. Caleulations from Wadleigh’s data have shown 
that for his four NOs levels there were respectively 3.6, 3.5, 2.8, and 3.5 bolls 
per 100 grams of fresh stems and leaves. Eaton and Ricuer (5) also used 


four NOs levels in sand cultures—the highest one being four times as great 


as Wadleigh’s highest. The experiment was repeated under muslin shades 
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in a greenhouse in the winter and fully exposed outdoors in the summer. 
The four NOs treatments gave an average of 12% of bolls shed under low 
light and of 40% under high light. At low light, the root bark contained an 
average of 1.16% of sugars plus starch and the plants had an average rela- 
tive fruitfulness of 4.0 bolls per 100 grams of fresh stems and leaves; under 
high light the root bark contained 2.5% of sugars plus starch and the rela- 
tive fruitfulness was 6.8 bolls per 100 grams of stems and leaves. Under low 
light there was a heavy shedding of floral buds and under high light there 
was very little. Both the high and low nitrate levels reduced sharply the 
sizes of the plants but at corresponding nitrate levels the stems and leaves 


weighed almost the same under low and high light. The light intensity thus 


altered relative fruitfulness but neither it nor the associated changes in 
carbohydrate influenced vegetative weight. In both of the experiments, the 
NOs treatments that resulted in larger plants also resulted in proportion- 
ately more bolls. In the interpretation of this experiment, it seemed perti- 
nent to ask why, if carbohydrate supply limited boll setting under low light, 
the high-lhght plants did not reduce their carbohydrate supply down to the 
low-light level before these plants started to shed. 

From the foregoing experiments, the conclusion seems to be supported 
that neither the carbohydrate or nitrogen levels in the plants influence rela- 
tive fruitfulness very much, ve., the partition of growth between vegetative 
and reproductive activities. Within given light intensities, the partition of 
carbohydrate utilization remained quite uniform but between intensites there 
were marked differences. Neither carbohydrate nor nitrogen levels in the 
plants nor the level of NO: supply seem in the above experiments to have 
constituted critical factors in boll shedding but this evidently does not apply 
to the shedding of floral buds. 

Something comparable to the foregoing was found (11) when the sulphate 
supply for cotton plants in greenhouse sand cultures was increased from a 
low level, that resulted in little or no sugars in the leaves and stems and very 
little growth, to a high level that gave large plants with normal sugars and 
many bolls. Over the SO, range there were successively 3.8, 4.0, 3.8, and 4.0 
bolls per 100 grams of fresh stems and leaves. 

The present experiments with urea and sucrose sprays, used alone and 
together, and with girdling and urea sprays, alone and together, were found 
to have had consistently adverse effect on boll retention. The sucrose spray 
failed to increase carbohydrate levels in the plant but the urea spray when 
used alone decreased carbohydrate and increased nitrogen. Girdling in- 
creased carbohydrate levels in the plant stems materially and when combined 
with urea spray increased both carbohydrate and nitrogen. The organic 
acids of the cotton leaves were altered by the suerose and urea sprays but 
if these changes were related to boll shedding the effeet was adverse, or at 
least masked by other effects of the treatments. Had the foregoing treat- 
ments produced neutral effects on boll retention, they could be more readily 
comprehended; the strongly adverse effeets are difficult to understand. 
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During the course of the investigations, it has been felt that a great weak- 
ness in the nutritional theory of boll shedding, as regards carbohydrate and 
nitrogen levels in plants, rested in the fact, as illustrated in table VI, that 
the seasonal march in shedding rates is not correlated with the seasonal 
march in stem earbohydrates. The results in the short-period experiment 
of 1948 with urea spray, which greatly increased nitrogen in the tissues but 
caused only a trace of leaf injury, have tended to make it seem unlikely that 
the seasonal downward trend in nitrogen levels in the cotton plant were 
responsible for late season shedding. As nitrogen becomes deficient, both 
vegetative growth and flowering are slowed down together. 

Ixaminations of very young bolls for carbohydrate and nitrogen contents 
during the period when they might or might not be going to shed is impracti- 
cable because changes prior to abscission may take place before the slowing 
of growth can be noted. The use of 13-day-old bolls for analysis, it was 
believed, might avoid the weakness attached to analyzing very young bolls 
and thereby provide a basis for judging whether important differences exist 
in the carbohydrate relations of the bolls themselves during the early season 
when nearly all bolls are being retained and the late season when nearly all 
are shedding. 

When 13-day-old bolls from plants in their early, medium and late fruit- 
ing period were analyzed, step-by-step decreases in carbohydrate levels were 
found as the plants became older. The least carbohydrate was found in 


these bolls at the time when the plants were shedding most heavily. Early 
in the fruiting period, the bolls had much higher concentrations than the 
stems, but by mid-August the concentrations of the stems and bolls were 


nearly equal; this suggested that plant-age factor was involved in polar 
transport and the possibility that transport of carbohydrate to the bolls 
might be a eritieal factor in boll retention. An extension of the same experi- 
ment, however, included later plantings of the same two varieties of cotton 
and these data did not support this suggestion. These later plantings pro- 
vided stems and bolls for collection from old plants that were shedding and 
from young plants that were not, all on the same days of sample collections 
in mid-August. The results of these measurements were rather surprising 
in that nearly the same concentrations of carbohydrate and nitrogen were 
found in mid-August in the bolls 13 days old from the old and from the 
young plants. Time or season of sampling rather than plant age, or shedding 
performance, seemed to determine the carbohydrate levels in the bolls. 
There was very little difference in maximum and minimum temperatures or 
humidity on and preceding the three sampling dates but there was a redue- 
tion in day length. If day length was the critical factor in the carbohydrate 
accumulation in the stems and bolls, the reason, or mode of action, remains 
obscure. American Upland cottons are day-length neutral. The photoperi- 
odie cottons express their day-length reactions primarily in the retardation 
until short days of the development of their first fruiting branches. The 
first fruiting branches of the short-day cottons often shed many of the early 
floral buds. 





EATON AND ERGLE! BOLL SHEDDING IN COTTON O17 


Recognizing that the carbohydrate level found in a plant tissue is only 
the resultant between the diverse processes of photosynthesis, respiration, 
translocation, and conversions to proteins and other materials, the low level 
of carbohydrate found in the young bolls in mid-August might thus be con- 
sidered as being the result Gf more rapid utilization. This explanation seem- 
ingly will not hold in the present instance; bolls set in mid-August require 
longer to mature than those set in mid-July and they are smaller when 
mature. 

The early observation (2) that the removal of all bolls from cotton 
plants was followed promptly by stimulated vegetative growth and a rapid 
replacement of the bolls has seemed to support the nutritional interpretation 


of boll shedding. Since, as shown in the present paper, the period of heavy 


boll shedding in cotton is not accompanied by any diminution in the earbo- 
hydrate levels in the plant stems, it seems appropriate to give brief con- 
sideration to some of the points in boll shedding that would need to be 
reconciled in any alternate interpretation. Small floral buds die in place 
rather extensively when cotton plants are grown under low light intensities. 
This death of buds (as distinct from the usual boll shedding) has been 
attributed to the associated low levels of carbohydrates in the plants. Also, 
there is a special characteristic of boll shedding which is always of interest; 
namely, that it is only during the first week or so following anthesis that 
bolls customarily abseiss. It is extremely rare to find large floral buds shed- 
ding prior to anthesis. The uniformity found in the relative fruitfulness 
measurements under given environmental conditions, but over wide ranges 
of nutrient supply, leads to the idea of a balance between the number of 
leaves on cotton plants and the number of bolls that are set or, as a possible 
corollary, a balance between some mobile anti-auxin type of material de- 
veloped in growing cotton bolls and the auxin produced in cotton leaves. 
A number of investigators have studied the effeets of organic chemicals on 
boll abscission. In one experiment (3) it was found that weekly spraying 
with 4-chlorophenoxyacetate decreased both relative fruitfulness and the 
number of bolls per plant; beta-naphthoxyacetate increased significantly the 
number of bolls set but, like naphthaleneacetate, was without significant 
effect on relative fruitfulness. In the abscission of bean leaves in has been 
found (1) that ethylene treatment leads to rapid disintegration in the ab- 
scission zone, Whereas 2,4-dichlorophenoxyacetice acid delays all anatomical 
changes. Going further, several investigators (13, 14, 18) have developed 
the idea that the ethylene-auxin balance is the critical relation in leaf 
abseission. 

It is not easy to conclude when a subject such as the foregoing has been 
adequately investigated or when conclusions are sufficiently well supported. 
In the light of the literature, as here briefly reviewed, and the interpretations 
provided by the experimental data presented, it would seem, nevertheless, 
that the view often held that the cotton plant sets only as many bolls as it 
can nourish (or more specifically in the present paper, as many as it can 
supply with carbohydrate and nitrogen) requires new or other evidence for 
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its support. It does not follow, however, if many more bolls were set (per- 
haps by auxin application) that the plant would then be able to maintain 
the necessary carbohydrate and nitrogen supply so that all could be brought 
to full development without a reduction in their size. As pointed out else- 
where it is common to find that the bolls constitute over 60% of the above 
ground dry weight of the cotton plant at the end of the summer; it would 
seem doubtful that this order of reproductive efficiency could be pushed a 
great deal higher. But between locations, years, and varieties substantial 
differences in relative fruitfulness are often indicated. Although the relative 
fruitfulness of small and large plants may be the same under a given en- 
vironment, it still follows that the highest vields result under the nutritional 
conditions that give the largest plants. Plants that have lost their floral 
buds through insect injury are commonly found to be rank-growing and 
unproductive; they may set a top crop after insect control but still remain 
relatively unfruitful due to the self-shading of so much of the foliage. 


Summary 


The adequacy of the nutritional interpretation of boll shedding in cotton 
has been re-examined with special reference to carbohydrate and nitrogen 
relations. The investigation included chemical analyses of plants that were 
girdled and those sprayed with sucrose and urea in various combinations. 
The seasonal march of carbohydrates and nitrogen in leaves, stems and bolls 
13 days old and the shedding of bolls were followed. 

Spraying the upper leaf surface of plants daily through the fruiting 
period with 20% sucrose, 1 nitrogen (urea) and the two in combination 
failed to improve growth and resulted in large significant decreases in the 
number of bolls that were set. Flowering rates were not affected. Sucrose 
Was not accumulated. Nitrogen was absorbed and resulted in much lower 
sugar and starch concentrations in all tissues. The urea when used alone 
burned the margins of the leaves severely but not when it was combined 
with sucrose; the sucrose when combined with urea greatly reduced nitrogen 
accumulation. 

In an experiment in August when control plants were shedding over half 


of their bolls, girdling, 2% urea spray (six times) and the two together 


caused large increases in boll shedding. The girdling increased carbohydrate 


levels, and the urea spray increased nitrogen and reduced carbohydrate; the 
two in combination inereased both 

The carbohydrate levels in the middle third of cotton stems increased 
from mid-July, when nearly all bolls were being retained to mid-August 
when most of them were being shed. In mid-July, the carbohydrate concen- 
trations in bolls 13 days old were much higher than in the stems but by mid- 
August the two were much alike. This evidence of failure of polar transport 
to the bolls as the plants become older did not provide an explanation of boll 
shedding; bolls of first, second and third plantings (the first plantings shed- 
ding most of their bolls and the latter retaining their bolls) when sampled in 
mid-August all had similar concentrations of carbohydrates and nitrogen. 
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It is concluded that the nutritional theory of boll shedding is poorly sup- 
ported at least as regards carbohydrate and nitrogen relations. Even though 
the relative number of bolls carried by a cotton plant, or the percentage of 
bolls shed, is apparently not influenced by the level of carbohydrate or nitro- 
gen supply, the absolute number it may develop is so affected. Within 
varieties and environments, the number of bolls per 100 grams of fresh stems 


and leaves remains rather constant even though nutritional factors may 


cause marked differences in plant growth. This relationship has suggested 
that boll shedding is controlled by the balance between auxin produced in 
the leaves and an anti-auxin or inhibitory material from developing bolls 
that is moved out into the fruiting branches. 
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Introduction 


The ripening of fruit is accompanied by a group of physiological and 
chemical changes which are characteristic and moderately uniform = as 
between different species of plants. Typical components of the ripening 
process are pectic transformations which lead to fruit softening, changes in 
fruit color, often with the disappearance of pigment such as chlorophyll and 
the appearance of new secondary pigments, changes in compounds responsi- 
ble for taste or odor, transformation of reserve materials such as polysaecha- 
rides to simpler sugars, and finally, changes in the magnitude of the respira- 
tory gas exchange. The respiration of many fruits after removal from the 
plant follows the: general course shown for the avocado in figure 1 (1). 
Respiration drops slowly to a low point known as the preclimacterie mini- 
mum. At this point the fruit is still unripe. With the initiation of fruit 
ripening, rate of respiration rises from the preclimacteric minimum to the 
climacteric maximum. Edible maturity of the fruit coincides in many cases 
with the climacteric maximum in respiration, or follows this maximum by 
a few hours or days. Subsequent to the climacterie the respiratory rate 
drops steadily as the fruit passes into senescence 


We have tried to get some insight into the process of fruit ripening by 


study of the factors which underlie the changing rate of respiration during 
the climacteric eyele. The sudden rise in respiration from the preclimacterie 
minimum to the elimacterie maximum should become understandable if one 
could discover the factor or factors which limit respiratory rate at the pre- 
climacterie minimum. We have therefore studied the factors whieh limit 
respiratory rate, and in particular, the factors which might by alteration or 
increase bring about increases in rate of respiration of preclimacterie fruit. 


Materials and methods 


The study reported here has been concerned with avocado fruits of the 
variety Fuerte. The avocado was selected for the purpose because of the 
rapidity and uniformity of its climacteric cycle. These fruits remain in the 
preclimacterie state so long as they are attached to the tree. On removal 
from the tree they show a slowly decreasing rate of respiration, a decrease 


521 





522 PLANT PHYSIOLOGY 


which continues for approximately three days at 15° C. At this time the 
preclimacteric minimum is reached. Respiration then increases rapidly in 
rate for a further five days at which time the climacteric maximum is ob- 
tained. It is of importance for such experiments that fruits of known cli- 
macteric status be used. The exact position of each individual fruit on the 
climacteric curve (fig. 1) was therefore determined by following the rate of 
respiration of individual fruits, using a continuous flow method with the 
Beckman oxygen analyzer (11). In this way fruits within a few hours of 
the preclimacterie minimum or the climacteric maximum could be selected 
for use in initial experiments. For many experiments, however, fruits were 
held in the preclimacteric condition simply by placing the freshly picked 
fruit at 5 to 8° C and using them within a few days. Similarly, fruit in the 
climacteric condition were obtained by allowing ripening to take place at 
25° C for five to six days. 
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Fic. 1 Respiratory characteristics of the avocado 


Experiments with excised tissue were done with disks 1 em. in diameter 
and 0.5 to 0.75 mm. thick. For this purpose a cork borer was used to remove 
a cylinder of fruit tissue which was then sliced with a hand microtome. 

The isolation of particles capable of carrying on active respiratory 
metabolism was done by techniques similar to those used by Laties (4) 
with cauliflower and by Mitterp et al. (7) with mung bean. The fruit was 
peeled, grated with a kitchen grater, and ground with quartz sand in 0.5 M 
sucrose solution. Thirty grams of tissue were ground in 50 ml. of the grind- 
ing solution. After a preliminary centrifugation at 2,000 « g for five minutes, 
the supernatant was centrifuged for 15 min. at 10,000 to 16,000 %g. The 
supernatant, including the fat accumulated at the surface, was removed by 
suction and the residue resuspended in 20 ml. of 0.56 M sucrose. This sus- 
pension was again centrifuged at 10,000 to 16,000 » g, the supernatant re- 
moved and the residue taken up in 3.0 ml. of 0.5 M sucrose. These opera- 
tions, Which are summarized in figure 2, were all carried out at 0 to 4° C. 
The enzymatically active particles isolated by this proceedure have been 
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AVOCADO 


| Slice and grate 


30 gm. tissue 
and 50 ml. 0.5M sucrose 


Grind with sand 
Filter through muslin 


Yellow suspension 


| Centrifuge 
| 3 min. at 2000 X ¢ 


— . —— 
Supernatant Precipitate 
Discard 
Centrifuge 15 min. 
at 16,000 x ¢ 


Pellet (yellow) Supernatant 


Discard 
Resuspend in 
20 mi. 0.5M sucrose 
Centrifuge 15 min. 
at 16,000 X ¢ 


ee eee en eet ee Tet ds al - ; CAPT ae | 


Pellet Supernatant 
Discard 


Take up 3.0 ml. 
0.5M sucrose 


Particulate enzyme 
preparation, Con- 
tains 1-1.5 mg. N/cc. 


Fic. 2. Outline of procedures used in preparation of respiratory particles from 
avocado fruit. 


shown to be similar to or identical with mitochondria (7) and will for econ- 
venience be termed mitochondria below, although no critical evidence is yet 
available on this point for the avocado. 

Measurements of oxygen uptake of slices were measured by standard 
manometric procedures and at 25° C while measurements of enzymatic 


‘ 


activity were made at 20° C. 
Results 
MITOCHONDRIAL OXIDATION OF PRECLIMACTERIC AND CLIMACTERIC FRUIT 
The respiratory machinery of the avocado, as of other plant tissues 
which have been studied in detail, appears to be mediated by a particulate 
enzyme complex, a complex located in the mitochondria and competent to 
oxidize the acids of the Krebs cycle, including pyruvate. It is possible to 
prepare isolated mitochondria possessed of respiratory activity both from 
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TABLE I 


OXIDATION OF ACIDS OF THE KREBS CYCLE BY CYTOPLASMIC PARTICLES OF 
PRECLIMACTERIC AVOCADO FRUIT. THE COMPLETE SYSTEM CONTAINS 
ENZYME, SUCROSE 0.3 M, DEXTROSE, 0.01 M, PHOSPHATE BUFFER, 

PH 7.1, 0.01 M, ADENOSINE-5-PHOSPHATE (AMP) 

10 M AND MgSO, 107 M. 


Substrate Concentration O, consumption 


mm.* O,/30 min./mg. N 


107 M 152 
107 M 125 
1077 M 169 
1077 M 47 
10~* M 10 
1077 M 45 








Citrate 
a-Ketoglut arate 
Succinate 

1-Mal ate 
1-Malate 
Pyruvate * 


* Also contains l-Malate 5 x 10~* M. 


|x x KM XK X 








preclimacterie and climacteric avoeado fruit. The data in table I show that 
respiratory particles prepared from the avocado are indeed able to oxidize 
the Krebs eyele acids at rates which are comparable to those obtained with 
respiratory particles of other plants. The respiratory particles or mito- 
chondria prepared from preclimacteric fruit, are fully as active as those pre- 
pared from climacteric fruits. The data of table I] suggest, in fact, that per 
unit of mitochondrial nitrogen, the mitochondria of preclimacterie fruits are 
even more active under the conditions of the experiments of table IT than 
are the mitochondria of climacteric fruits. There is no reason to suppose 
that limitation in the amount of enzyme system itself is responsible for the 
low respiratory rate of preclimacteric fruits. 

With all of the plant mitochondria, as well as with the animal mito- 
chondria studied to date, oxidation of substrate is linked to the uptake of 


TABLE II 


OXIDATIVE AND PHOSPHORYLATIVE PROPERTIES OF THE MITOCHONDRIAL 
SYSTEM OF AVOCADO FRUITS. THE COMPLETE SYSTEM CONTAINS EN- 
ZYME, SUCROSE 0.3 M, DEXTROSE 0.01 M, PHOSPHATE BUFFER PH 7.1 
0.01 M, AMP 107 M, MgSO, 10% M, NaF’ 0.01 M AND o-KETOGLUTARATE 

0.02 M. TOTAL VOLUME 1.5 ML. ENZYME N/ML., PRECLIMACTERIC: 
0.64 MG./ML., CLIMACTERIC: 0.76 MG./ML. REACTION MIXTURE. 
TEMPERATURE 20°C, ONE MILLILITER OF REACTION 
MIXTURE CONTAINS ENZYME FROM 3.3 GM. FRESH 
WEIGHT OF FRUIT. ALL CHEMICAL TRANSFOR- 

MATIONS ARE EXPRESSED IN TERMS OF 
MICROATOMS PER ML. OF REACTION 
MIXTURE. 


Source of Uptake of Uptake of Ratio of 


System phosphorus to 


oxygen 


tissue phosphorus oxygen 


pt atoms/ml,/ 30 min. 


Preclimacteric Complete 1.46 2.17 0.68 

fruit No adenylate 0.12 0.37 0.32 
Climacteric Complete 1.09 1.08 0.99 
fruit No adenylate 0.13 0.40 0.33 
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inorganie phosphate and incorporation of this material into adenosine tri- 
phosphate (ATP) (3, 6). Rate of mitochondrial oxidation is therefore 
limited by availability of phosphate acceptor. The data of table I] show 
not only that mitochondria from both preelimacteric and climacteric avo- 
cados possess the ability to carry on such coupled phosphorylation, but show 
also that the rate of oxidation by such mitochondria depends upon the pres- 
ence of a phosphate acceptor such as adenylate. In the absence of suitable 
phosphate acceptor, the oxidative rate of avoeado mitochondria is from one 


half to one fifth that found in the complete system. The experimental sys- 


tem for the demonstration of coupled phosphorylation with the respiratory 
particles of avocado (table IL) is similar to that which has been used with 
other plant material (3). Inorganie phosphate is transformed in the course 
of coupled phosphorylation into the phosphate of ATP. This ATP is sub- 
ject to degradation by adenosine triphosphatase which is present in avocado 


TABLE IIl 


EFFECT OF DNP ON THE RATE OF &KETOGLUTARATE OXIDATION BY 
MITOCHONDRIA OF PRECLIMACTERIC AVOCADO. RATES ARE BASED 
ON THE FIRST 10 MINUTES. THE REACTION MIXTURE CONTAINS 
ENZYME, SUCROSE 0.3 M, DEXTROSE 0.01 M, PHOSPHATE 
BUFFER PH 7.1 0.01 M, MgSO, 10% M, NaF 0.01 M AND 
O&KETOGLUTARATE 0.02 M. TOTAL VOLUME 1.5 
ML. ENZY¥ME N 1.28 MG./ML. REACTION 
MIXTURE. TEMPERATURE 20°C, 


Increase by 


DNP 





Adenylate DNP 


: : e take 
concentration concentration Oxygen up 





mm} /ml./30 min, % 


None None 38 ios 
10-5 M 59 55 
10-4 M None 78 ne 
107-5 M 92 18 
107 M None 86 on 
10-5 M 92 7 








as in other mitochondria (3,7). The action of this enzyme is however mini- 
mized by the fluoride (0.01 M NaF) present in the reaction mixture. The 
ATP is also subject to attack by hexokinase which is present in avocado as 
in other plant mitochondria (7, 9) and which transfers the terminal phos- 
phate to glucose (0.01 M in the reaction mixture) to form the stable glucose- 
6-phosphate. Thus as oxidative phosphorylation proceeds in this system, 
inorganic phosphate is transformed to glucose-6-phosphate. The extent of 
oxidative phosphorylation is measured simply by estimation of the residual 
inorganic phosphate of the reaction mixture. 

It is known from work of recent years that the coupling of mitochondrial 
oxidations to oxidative phosphorylation can be severed by certain reagents, 
including 2,4-dinitrophenol (DNP) (3, 5, 10). By decreasing or abolishing 
the requirement for exogenous adenylate, DNP frees the mitochondria from 
dependence on this material and permits rapid mitochondrial oxidation to 
occur even in the presence of low adenylate concentrations. Table III 
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shows that dinitrophenol greatly increases the rate of oxidation of avocado 
mitochondria in the absence of adenylate. With these mitochondria, as with 
those of other tissues, dinitrophenol also decreases or abolishes the oxidative 
incorporation of phosphate into organic form (fig. 3). The effeets of DNP 
with mitochondria of avocado as with other mitochondria are therefore two- 
fold and consist both in emancipation of the respiratory oxidation from the 
adenylate requirement and in suppression of the normal energy transfer 
from respiration through ATP 


FACTORS LIMITING RESPIRATORY RATE IN TISSUE SLICES 


Dinitrophenol is not only effeetive in vitro but also may be used im vivo 
as a reagent for assessing the extent to which respiratory rate of a tissue is 
limited by the phosphorylative system (2, 8). In tissues which are jimited 


P°O Ratio 











A. 
107° M 
Concentrotion of ONP 


Fie. 3. Effeet of dinitropheno! (DNP) on phosphorylative efficieney of a-keto- 
glutarate oxidation by avocado mitochondria. The complete system contains enzyme, 
sucrose 0.3 M, dextrose 6.01 M, phosphate buffer pH 7.1 0.01M. AMP 10°*M,. Mgso, 
10°° M, NaF 0.01 M and a-ketoglutarate 0.02 M Total volume 15 ml Enzvme N 059 
mg./ml, reaction mixture. Temperature, 20° C 


by the amount of adenylate, and hence, by capacity of the phosphorylative 
system, dinitrophenol brings about large increases in respiration. In tissues 
which are not limited by adenylate, but are limited by other matters, such 
as substrate, efc., dinitrophenol is without such an effect on respiratory rate. 
The data of table IV show that dinitrophenol exerts a marked effect on the 
rate of respiration of avocado slices provided only that these slices are 
taken from preclimacteric fruit. With slices taken from climacteric or 


senescent fruit, on the contrary, dinitrophenol does not increase respiratory 


rate. It is noteworthy, however, that the climacteric rise in respiratory rate 
is not nearly as marked when measured with slices as it is with the intact 
fruit from which the sliees are made. The slices respire more rapidly than 
an equal amount of tissue in the intact fruit, and the difference is more 
marked for the preclimacteric than for the climacteric fruit. The basis of 
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this behavior is still unknown. It does appear from this experiment, how- 
ever, that the climacteric rise in respiration in the avocado is in some 
manner associated with changes in the phosphorylative coupling system. 
The phosphorylative coupling svstem appears to limit respiratory rate in 
tissue from the preclimacteric fruit but does not limit respiratory rate in 
tissues from fruit at the climacteric maximum. 


NATIVE UNCOUPLING AGENTS 


Let us now suppose that the normal climacteric rise in respiration is 
indeed to be attributed to the removal of a limitation previously imposed 
by the capacity of the phosphorylative system. In what ways might re- 
moval of this limitation be achieved in the ripening fruit? One possibility 


TABLE IV 


EFFECT OF DNP ON THE RESPIRATION OF SLICES MADE FROM 
PRECLIMACTERIC AVOCADOS AND SLICES MADE FROM 
CLIMACTERIC AVOCADOS. TEMPERATURE 25°C, 


O, uptake of slices 


Stage of | Number —_—___—-- 
fruit used of O, uptake of Per Per 
as source measure- whole fruit C 1 DNP cent. DNP cent. 
of tissue ments contro! 10-0 y in- 10*™M in- 





crease crease 





mm.* O,/gm./hr. mm,*/mg, dry wt./hr. 
Fresh from seve 0.64 1.12 75 1.42 122 


tree 
At cli- : Q 1.11 63 1.36 100 
macteric 
minimum 
On cli- 
macteric 
rise 
At cli- 
macteric 


peak 





is that during the ripening process, additional amounts of adenylate might 
appear within the fruit, or alternatively, that ripening involves the expendi- 
ture of energy and that utilization and turnover of adenylate is thus in- 
creased. A second general possibility would evidently involve the produe- 
tion during ripening of materials which, like DNP, would decrease the 
dependence of fruit respiration on the phosphorylative system. The impli- 
cations of these two alternatives for our understanding of the process of 
fruit ripening are considerable. According to the first alternative, ripening 
should be regarded as a positive process involving the doing of some sort of 
biological work. The increased rate of respiration in ripening fruit would 
be a measure of the increased rate of utilization of ATP in the execution of 
this work. According to the second view, on the other hand, fruit ripening 
would consist of a generally degenerative process, and would be based on 
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TABLE V 


EFFECT OF A SUBSTANCE OR SUBSTANCES FROM CLIMACTERIC AVOCADOS ON 
RATE OF MITOCHONDRIAL OXIDATION AND OXIDATIVE PHOSPHORYLATION. 
THE TEST SYSTEM IS MITOCHONDRIA OF MUNG BEAN. THE COMPLETE 
SYSTEM CONTAINS ENZYME, SUCROSE 0.3 M, DEXTROSE 0.01 M, 
PHOSPHATE BUFFER PH 7.1 0.01 M, AMP 107 M, MgSO, 10% M, 

NaF 0.01 M AND o-KETOGLUTARATE 0.02 M. TOTAL 
VOLUME 1.5 ML. ENZYME N 0.32 MG./ML. REACTION 
MIXTURE. TEMPERATURE 20°C, SUPERNATANT 
WHERE USED WAS ADDED AT THE RATE OF 1 ML. 
PER 3 ML. OF TOTAL REACTION MIXTURE. 


Ratio o 
phosphorus 
to oxygen 


pt atoms/ml./30 min. 


S Added supernatant Uptake of Uptake of 
System 
phosphorus oxygen 


Complete None 1.16 1.23 0.94 
No adenylate None 0.11 0.35 0.31 
No adenylate Climacteric fruit 0.06 1,25 0.05 
No adenylate Preclimacteric fruit 0.04 0.30 0.13 








the dissociation of respiration from phosphorylation and energy transfer. 
According to this view fruit ripening would result from diminution of the 
ATP supply to a level inadequate to maintain the metabolic level character- 
istic of the unripe fruit. The evidence to be presented below suggests that 
the latter alternative is the more plausible and that fruit ripening, in the 
avocado at least, may perhaps be regarded as an uncoupling process. 

That substances which are capable of replacing or supplanting adenylate 
in increasing rate of mitochondrial oxidation are produced in avocado fruit 
during ripening is shown in the data of table V.. These substances are found 
in the supernatant which remains after the removal of the mitochondria by 
centrifugation at 16,000 « gravity. Their effeets may be demonstrated with 


TABLE VI 


PROPERTIES OF SUBSTANCES IN CLIMACTERIC AVOCADO SUPERNATANT 
ON OXIDATION AND PHOSPHORYLATION BY MUNG BEAN MITOCHONDRIA. 
THE COMPLETE SYSTEM CONTAINS ENZYME, SUCROSE 0.3 MV, 
DEXTROSE 0.01 M, PHOSPHATE BUFFER 0.01 M, AMP 107 M, 

MgSO, 107 M, Nak’ 0.01 M AND o-KETOGLUTARATE 0.02 M. 

TOTAL VOLUME 1.5 ML. ENZYME N 0.32 MG./ML. 

REACTION MIXTURE, TEMPERATURE 20°C 


Ratio of 
phosphorus 


Uptake of Uptake of 


System Supernatant 
phosphorus oxygen 


to oxygen 


pt atoms/ml./30 min, 


Complete None 1.16 23 0.94 
No adenylate None 0.11 0.35 0.31 
No adenylate Climacteric fruit 0.06 1.25 0.05 
No adenylate Same heated 0.48 0.76 0.63 
No adenylate * Same dialyzed 0.22 1.34 0.16 


*Data from comparable but separate experiment. 
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mitochondria of either preclimacteric or climacteric fruit or alternatively 
with unrelated mitochondria. The data in tables V and VI refer to the 
effects of avocado supernatants on the mitochondrial system of mung bean, 
a system which has been extensively studied and standardized (3, 6, 7). It 
is clear that the supernatant of the climacteric fruit causes a greatly in- 
creased oxygen uptake in the adenylate deficient mitochondrial system. 
The supernatant can evoke maximum oxidative rate from mung bean mito- 
chondria even in the absence of exogenous adenylate. Phosphorylation is 
at the same time essentially totally suppressed. These effeets are not ex- 
erted or are exerted to only a slight degree by the supernatant from pre- 
climacteric fruits. Results entirely similar to those of table V were obtained 
in experiments in which supernatants of preclimacterie and climacteric avo- 
cados were supplied to avocado rather than mung bean mitochondria, 

The data of table V clearly suggest that mature avocado fruits contain 
a principle or principles which like DNP act to decrease the degree of the 
dependence of respiratory oxidation on coupled phosphorylation. Further 
information on the nature of this principle is contained in the data of table 
VI. The striking effect of the supernatant of ripe avocados on the rate of 
mitochondrial oxidation appears to be due to at least two materials. The 
first is heat stable and acts qualitatively like adenylate itself. This factor 
alone causes a modest increase in oxygen uptake coupled with an apprecia- 
ble phosphorylation. It is to noted that this faetor is found in preclimae- 
terie as well as in climacteric fruit. The second factor is heat labile and 
nondialyzable and may well be a protein. To this factor may be attributed 
the bulk of the supernatant effect. An attractive although hypothetical 
possibility is that the uncoupling may be owing to a soluble ATPase, since 
ATPase activity like the uncoupling activity develops in the avoeado during 
the course of ripening. 


Discussion 


The evidence presented above suggests that respiratory rate in the unripe 


avocado is limited by the capacity of the phosphorylative system; by avail- 


ability of acceptor for organie phosphate produced during oxidative phos- 
phorylation. As the respiratory rate of the fruit rises from the preclimac- 
teric minimum to the climacteric maximum, this limitation is gradually 
removed. A preliminary investigation of the factors involved has shown 
that the ripe, but not the unripe, fruit contains soluble materials which 
possess the ability to uncouple respiratory oxidations from their associated 
phosphorylative systems. These facts taken together suggest that ripening 
in the avocado may be in fact an uncoupling process and that the varied 
chemical changes whieh accompany ripening may result from this un- 
coupling. It will be evident that a critical test of this hypothesis may be 
based on determination of whether or not known uncoupling agents such as 
DNP are themselves able to induce the chemical changes characteristic of 
ripening. 
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Summary 

This work concerns the climacteric rise in respiration of ripening fruit. 
The characteristics of the respiration of preclimacteric fruit have been con- 
trasted with those of climacteric fruit. The respiration of the avocado fruit 
appears to be mediated by an organized respiratory complex. The active 
respiratory particles have been isolated from both preclimacteric and cli- 
macteric fruit. 

The oxidation of substrate by the respiratory particles of avocado is 
coupled to the oxidative production of ATP. Rate of substrate oxidation 
by the respiratory particles is dependent upon the concentration of exoge- 
nous phosphate acceptor; adenylate. Although rate of substrate oxidation 
is normally limited by the capacity of the phosphate accepting system, this 


limitation can be removed by agents such as DNP which sever the coupling 


of oxidation to phosphorylation. 

With the aid of the uncoupling agent, DNP, it has been shown that the 
rate of respiration of the preclimacteric but not of the climacteric fruit is 
limited by the eapacity of the phosphate transfer system. The facet that 
ripening avocado fruits contain a substance which like DNP acts as an 
uncoupling agent suggests that both the climacteric rise in respiration and 
the chemical changes of fruit ripening may be owing to uncoupling: a de- 
crease in synthesis or availability of ATP within the fruit. 

This work was supported in part by the Herman Frasch Foundation. 
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During the course of investigations on the cause of physiological break- 
down in the fruits of the pineapple (Ananas comosus L. Merr.) it was ob- 
served that symptoms of this disorder are usually more pronounced in the 
lower half or lower two thirds of the fruit than in the region just below the 
crown. It, therefore, seemed desirable to make detailed studies of the distri- 
bution of some of the juice constituents of the pineapple, for it appeared 
that there may be physiological differences between top and bottom seg- 
ments of the fruit. 

The idea of unequal distribution of Juice constituents in fruits is not 
new. BaRTHOLOMEW and SINCLAIR (4) reported that mature oranges and 
grapefruits had a considerably higher concentration of total soluble solids 
in the stylar than in the stem-ends. LaLi (6) and ArcHBoLD and Barrer 
(1) found that the concentration of soluble solids was higher in the blushed 
than in the unblushed side of an apple, and that these constituents increased 
from the stalk-end to blossom-end and from the inside to outside. The latter 
two investigators noted also that acid content of apples increased from out- 
side to inside of the fruits. According to TuckKrR (10), soluble solids in the 
watermelon increase progressively from the rind to the core, the greatest 
concentration being in the area around the seeds. Ascorbie acid has been 
reported higher in the peel than in the flesh of citrus fruits (2), apples (5) 
and tomatoes (11). Siperis ef al. (8), in studies of pineapple fruits, found 
slightly greater amounts of soluble solids and less acid in the flesh than in 
the shell of the fruits. Apices of both shell and flesh were higher in acid 
and lower in soluble solids than the bases. 

Natal pineapples in the mature green stage of maturity were shipped by 
railway express from Miami, Florida to Pittsburgh, Pennsylvania. The 
fruits were ripened at room temperature (25 to 30° C) before sampling. 
Pineapples were peeled, cored, and then cut into three transverse sections, 
i.e., top, middle, and bottom. Methods employed for extraction of juice and 
determination of total soluble solids, total and ascorbic acids were identical 


with those described elsewhere (7). Bromelin activity was estimated by a 


method which has been recommended by BALLs and Hoover for quantitative 
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determination of papain (3). Thirty pineapples were employed in this 
study, each fruit being analyzed separately. 

Results of the analyses of 30 individual fruits have been averaged and 
are presented in table I. It will be observed that total soluble solids were 
higher in the basal than in the middle segments and higher in the latter 
than in the top portions. Total and ascorbie acids and bromelin activity 
were highest in the top segments and decreased progressively toward the 
base of the pineapples. 

As a rule, ripening of fruits is accompanied by an increase in soluble 
solids, a decrease in total acid and in some instances by a decrease in ascor- 


TABLE I 


WEIGHT, JUICE VOLUME AND DISTRIBUTION OF VARIOUS JUICE CONSTITUENTS 
IN THREE TRANSVERSE SECTIONS OF THE FRUIT OF THE NATAL 
PINEAPPLE (AVERAGE OF 30 FRUITS). 


Volume of Total soluble Total Ascorbic Bromelin 
solids acid acid activity 


Section Weight 
% gm./100 ml, mg./100 ml. 
Top 160 ‘ 14.7 1.22 28.4 0.539 


Middle 202 Jel 1.15 21.7 0.497 
Bottom 194 83 19.3 1.10 13.2 0.446 


bic acid. The results now being reported indicate that in the so-called 
mature pineapple, the basal segment is more mature than the middle por- 
tion, and this in turn is more mature than the top segment. This result is 
also confirmed by the progressive decrease in bromelin activity from top to 
bottom since it has been reported by Tanaka (9) that activity of this en- 
zyme tends to decrease with increasing maturity of the pineapple fruit. It 
is apparent, therefore, that physiological breakdown in pineapples is associ- 
ated with physiological maturity and that the disorder is similar to break- 
down in a number of other fruits in this respect. This observation is borne 
out by the fact that pineapples which have been chilled while green may not 
show definite symptoms of physiological breakdown until they beeome ripe. 
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In the extraction of plant products with 80% ethyl alcohol varying 
lengths of time have been used with little consideration of the relationship 
between length of time and completeness of extraction. Loomis and SHULL 
(4) state that one should extract plant material until no further pigments or 
significant quantities of sugar or nitrogen could be detected. JostyN and 
STEPKA (3) extracted amino acids by grinding the material in a Waring 
Blendor for five minutes, allowing the minced sample to stand overnight at 
room temperature, and then storing for about one week in alcohol at O° C. 
CGubss (1) obtained sugars and amino acids by extracting sunflower seeds 
with 80% ethyl alcohol for 20 minutes. While the length of time necessary 
for completeness of extraction may vary from one plant material to another, 
information in this regard obtained under a standard set of conditions would 
be of great value. This is especially true for studies involving radioactive 
isotopes where prolonged solvent extraction might be aecompanied by further 
loss of radioactivity. 

Shoots of young corn plants which had been exposed to light and to 


CQO, for 15 hours under greenhouse conditions were used in this study. 
A sample of fresh plant material weighing 8.7 gm. (about 0.87 gm. dry 
weight) having an initial pH of 5.7 was cut into small pieces and extracted 


with 150 ml. of hot 80% ethyl alcohol until most of the pigments were re- 
moved. The solvent was then decanted, and the tissue was extracted with 
100 ml. of fresh 80% alcohol in a Soxhlet apparatus which siphoned every 
three minutes. At intervals, the extract was removed from the receiving 
flask and replaced with fresh solvent. Each extract was filtered, diluted 
with an equal volume of water, and treated with ethyl ether to remove pig- 
ments and lipids. The ether soluble fraction was termed the ether extract 
and the remainder was ealled the residual aleohol extract. These extracts 
were evaporated to dryness and weighed. Radioactivity measurements of 
these residues were then made with a Geiger-Muller counter. 

The residual aleohol extract was then redissolved in ethyl aleohol and 
its final volume adjusted to one milliliter. The following groups of sub- 
stances were detected by partition paper chromatography: organic acids, 
amino acids, and sugars. Solvents for the organic acids were water-satu- 
rated phenol and a mixture of reagents of the following proportions: 1 ml. 
isopropyl! alcohol, 3 ml. tertiary butyl alcohol, 3 mil. benzyl aleohol, and 
1 ml. water with 1% of the final volume being 90% formic acid. Bromeresol] 


mo 
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green was used as the color developing agent. Solvents for amino acid 
chromatography were water-saturated phenol, and equal quantities of water- 
saturated 2-3-6 collidine and 2-6 lutidine, using ninhydrin as the color- 
developing agent. The sugar chromatography solvents were water-saturated 
phenol and a mixture of reagents of the following proportions: 4 ml. butanol, 
1 ml. ethanol, and 1 ml. water. 3,5-dinitrosalicylate reagent was used as a 
color-developing agent, after the method of JEANEs (2). 

At least four paper chromatograms were made for the detection of each 
class of substances. The identity and concentration of each of these sub- 
stances was established by the visual density method and by comparison 
with chromatographic spots produced by pure substances under identical 
conditions. 


TABLE I 


RESULTS OF WEIGHT AND RADIOACTIVITY DETERMINATIONS OF 
MATERIALS OBTAINED FROM CORN SHOOTS BY CONTINUOUS 
EXTRACTION WITH 80% ETHYL ALCOHOL, 
Young corn shoots 
Extraction Ether extract of 80% Residual alcohol 
interval alcohol fraction extract 


Weight 


Radioactivity Weight 


Radioactivity 


les counts counts per counts counts per 
per min, min, per mg. ‘ per min, min, per mg. 

0-24 . 143 19 3,960 312 
24-48 195 29 3,589 299 
48-72 112 66 795 132 
72-96 65 72 271 68 
96-120 30 100 1] 6 
120-146 : 26 52 : 137 30 
146-192 14 47 Set 106 30 
192-240 d 29 97 : 146 38 
240-336 16 3 7 134 17 
336-432 6 l ‘ 91 10 
432-528 see exes ee 20: 74 


Total 18.9 636 9,314 


A modified Folin-Wu method was also used for the determination of total 
reducing sugars. 

The analysis of the aleohol extract of young corn plants showed that 
extraction, under these specific conditions, was generally less than half com- 
plete at the end of 24 hours. The weights of ether extracts (table 1) fell off 
more rapidly than weights of the residual alcohol extracts with time. Only 
53% of the total extractable weight was removed during the first 72 hours. 
Thereafter, there was still a small but continued extraction of aleohol-solu- 
ble material. When the experiment was discontinued at the end of 528 
hours, extraction was still not complete. The dry weight of the residue 
accumulated during the last 96 hours of extraction comprised nearly 3% of 
the total material extracted 
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Table I shows that after the first 72 hours of extraction the level of 
radioactivity of the substances extracted decreased markedly though at a 
more or less constant rate. Substances containing radioactivity were ex- 
tracted in significant quantities even during the last 96 hours of extraction. 
The specifie radioactivity in counts per minute per milligram of dry weight 
of these extracts showed a pattern similar to that based on total counts per 
sample. 


TABLE II 


MATERIALS OBTAINED FROM CONTINUOUS EXTRACTION OF YOUNG CORN 
SHOOTS WITH 80% ETHYL ALCOHOL. AMOUNTS IN MG. ARE 
ESTIMATED FROM THE DENSITY PRODUCED ON 
PAPER CHROMATOGRAMS AND FROM 
A REDUCING SUGAR METHOD. 


Extraction interval in hours 
Materials ace : 
0-24 


24-48 





mg. mg. 
Organic acids 
Aconitic 1.67 
Adipic 0.46 
Citric 0.09 
Glycolic 0.01 
Malic 0.34 
Oxalic 0.61 
Tartaric 0.27 
Unidentified 0.22 
Total 3.67 


Amino acids 
Aspartic 0.08 0.1 0.06 
Glutamic 0.30 5 0.06 
Lysine 0.54 
Methionine trace oe 
Serine 0.60 trace 
Valine 0.34 
Glutamine 0.31 
Unidentified amino acids + oe 
Total 2.17 0.12 
Sugars 
Reducing sugars 5.76 0.16 
Glucose 3.79 0.04 
Fructose 1.08 . 
Cellobiose? 0.91 
Sucrose 1.03 
Raffinose 1.07 he ne 
Total 7.88 0.04 


The results of the chromatographic analysis of materials extracted from 
corn shoots by continuous extraction with 80% alcohol are given in table IL. 
It was found that the composition of the materials extracted varied with 
different lengths of extraction time. Sucrose and raffinose, and a compound 
which had a position on the chromatogram similar to that of cellobiose, 
could not be detected after the first 24 hours of extraction. At the end of 
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72 hours of extraction no sugars could be detected by chromatography. 
However, the copper oxide method showed that small but significant 
amounts of reducing substances were extracted by this method even at 336 
to 432 hours. These substances might have arisen from the hydrolysis of 
glucosides. 


Most of the substances which appeared to be organie acids could not be 


deteeted by chromatography after 96 hours of extraction. A substance pre- 


sumed by its location to be aconitic acid, however, could be detected even 
after 336 to 432 hours of extraction and tartarie acid after 192 to 240 hours. 
Further, chromatographic results suggested that more tartarie and citric 
acids were extracted during the 24- to 48-hour interval than during the first 
24-hour extraction period. When the three columns of data for the residual 
alcohol extracts in table | are plotted on a cumulative basis against time, 
an extraction of the greatest quantity of radioactive material occurred be- 
tween the 24- and 146-hour interval while the greatest radioactivity was 
found in the 24- to 48-hour interval for the ether extracts. 

The fact that the sum of the components of the residual alcohol extract 
did not equal the weight of the whole residual aleohol extract (528-hour 
total) is probably a result of inability to detect these various compounds in 
such small quantities. 

The experiment was repeated with corn plants and again with the grass, 
Andropogon ischaemum L. Results of these later experiments showed an 
extraction of most of the radioactive material in the first 72 hours. In short, 
the pattern of extraction of substances found in the corn shoots was found 
to hold for grass shoot samples also. 

The writers recognize that the time of extraction for a particular class 
of substances must be the best compromise between speed and aceuracy. 
These results do suggest, however, that there is a need for critical inspection 
of the time factor in the extraction of certain plant products with 80% ethyl 
aleohol. This is especially true of studies involving radioactive-labeled 
materials. 
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During the course of metabolic studies with Chlorella it was found that 
oxygen Was produced when cells were illuminated in modified Knop’s solu- 
tion containing glucose, without atmospheric carbon dioxide. This observa- 
tion has a bearing on the problem of nitrate reduction by plants and forms 
the basis for this report. 

Chlorella cells were grown on nutrient agar slants under continuous 
illumination of 140 fe at 23.5 + 1.5° C. The medium contained: KNOs, 
1.21 gm.; MgsSO,, 1.20 gim.; KH.PO,4, 1.22 gm.; A4 microelement solution 
(1), 1.0 ml.; iren solution, 1.0 ml.; tryptone, 4.5 gm.; yeast extract, 0.36 
gin.; glucose, 10 gm.; agar, 10 gm.; distilled water, 998 ml. The iron solu- 
tion supplied the medium with 10°° M ferrous sulphate and 10°° M potassium 
citrate. 

Cells from cultures 11 days old were harvested, washed with distilled 


water, and suspended in the medium in which their ability to evolve oxygen 


was to be measured. The solution, subsequently referred to as a modified 
Knop’s solution, contained the major salts, microelements, and iron in the 
concentrations listed above. This solution plus 1% glucose formed the basic 
medium for the following investigation. All solutions were adjusted to pH 5 
with sodium hydroxide and hydrochlorie acid. 

Gas evolution Was measured in ordinary conical Warburg vessels which 
were illuminated from below by seven 100-watt incandescent lamps. The 
light intensity on the bottoms of the vessels was about 1,300 fe, with less 
than 1% variation across the length of the tank. Each vessel contained 1.8 
ml. of cell suspension in the main chamber and 0.2 ml. of 20% KOH in a 
side arm. The illuminated area of each suspension was about 7.1 e¢m.? 

Chlorella cells were suspended in 1% glucose-modified Knop’s solution 
in the absence of atmospheric carbon dioxide and illuminated. Although 
initially little or no positive pressure change developed, the rate of oxygen 
production gradually increased, until after two or three hours it was fairly 
rapid. The data plotted in figure 1 A were obtained six hours after the be- 
ginning of illumination. In most of the following experiments the data 
plotted were obtained after two or three hours illumination, a long enough 
time to avoid the lag phase consistently found. 

Since the cells were exposed to light but were not given carbon dioxide, 
photosynthesis should no more than compensate for respiration. Under 
these conditions, some other process must have been ultimately responsible 
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for the production of oxygen. The purpose of the following experiments was 
to establish the factors and process responsible for this extra oxygen. 

The necessity of glucose for the oxygen production is indicated by fig- 
ure 1A. Cells in modified Knop’s solution liberated only 6.2% as much 
oxygen as cells in glucose-modified Knop’s solution. Some component or 
components of modified Knop’s solution are also required (fig. 1B). Although 
oxygen was produced when cells were illuminated in a glucose solution with- 
out salts it only amounted to 28.3% of that produced by cells given both 
glucose and salts. 

To determine the components in the mineral nutrient solution responsible 
for the production of the extra oxygen, tests were made with the individual 
major salts in the presence of glucose (fig. 2A). Cells in glucose-KNO 3 
P 
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Fic. 1. A. The production of extra oxygen by Chlorella suspended in modified 
Knop’s solution with and without glucose. Conditions: ca. 1,300 fe; KOH in side arm; 


15.2 mm.* cells/vessel; plot of data after six hours of illumination. B. The production 


of extra oxygen by Chlorella suspended in 1% glucose solution with and without nutri- 
ents of modified Knop’s solution. Conditions: ca. 1,300 fe; KOH in side arm; 18.8 mm? 
cells/vessel; plot of data after two hours illumination, 


solution produced 51.4% of the gas volume increase caused by cells in glu- 
cose-modified Knop’s solution. Singly, KH.PO, and MgSO, in the presence 
of glucose had no greater effect on oxygen production than glucose alone. 
From this it is concluded that KH.PO,4 and MgSO, are not directly involved 
in the production of the extra oxygen, whereas KNQO, is. Microelements 
and iron were tested singly and together with KNOs, and glucose to deter- 
mine whether they increase the production of extra oxygen (fig. 2B). Com- 
bined they increased oxygen production only 12.5%, whereas an increase of 
48.2% was necessary to equal the amount of extra oxygen produced by cells 
in glucose-modified Knop’s solution. Next, combinations of the major salts 
with a mixture containing glucose, A4 microelements, and iron were tested. 
Of the major salts, KNO, in combination with KH.PO, was necessary for 
the complete production of extra oxygen (fig. 3A). The combination 
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KNOsz + MgSO, was no more effective than KNOs, while the combination 
MgSO, + KH2PO, was no more effective than glucose would be alone. 

It was demonstrated that live Chlorella cells are necessary for the produe- 
tion of extra oxygen. No pressure change was observed when cells killed by 
boiling were suspended in glucose-modified Knop’s solution. Also, no pres- 
sure change occurred in vessels containing glucose-modified Knop’s solution 
without cells, during experiments lasting 5 to 10 hours. The possibility that 
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Fic. 2. A. Influence of the major salts in modified Knop’s solution on the produc- 
tion of extra oxygen by Chlorella. Conditions: ca. 1,300 fe; KOH in side arm; plot of 
data after three hours of illumination. B. Influence of A4 microelements and iron on 
the production of extra oxygen by Chlorella supplied with glucose and KNO;. Con- 
ditions: ca. 1300 fe; KOH in side arm; 24 mm cells/vessel; plot of data after three 
hours of illumination. 


the positive pressure changes were caused by contaminants giving off re- 
spiratory carbon dioxide which was caught by Chlorella and used for photo- 
synthesis is thereby eliminated. 

From the experiments reported it is apparent that three major constitu- 
ents, glucose, nitrate, and phosphate, are necessary for the complete produc- 
tion of extra oxygen; and that the process ultimately responsible is nitrate 
reduction, for which glucose and phosphate ion are required. 

If it is assumed that the process of nitrate reduction proceeds according 
to equation 1, 


(1) KNO, + 2(CH,O) ——+ NH, + KOH + 2CO, 


(2) 2CO, + 2H,O tient, 2(CH,O) + 20, 


then for each mole of nitrate reduced, two moles of carbon dioxide would be 
produced and subsequently by photosynthesis (equation 2) two moles of 
oxygen would be liberated. To determine whether stoichiometric yields 
of oxygen are obtained according to these equations, cells were suspended 





542 PLANT PHYSIOLOGY 


in media containing three concentrations of KNO,. All of the media con- 
tained glucose, KH,PO,, microelements, and iron. The quantity of extra 
oxygen produced for a given amount of nitrate reduced was calculated as 
the difference between the amounts produced by cells with and without 


nitrate. Differences were not taken until after the slopes of the oxygen- 


liberation curves for the cells given nitrate became equal to the slope of the 
curve for the cells not given nitrate, which indicated that all of the nitrate 
had been reduced (fig. 3B). The amount of extra oxygen produced for each 
quantity of nitrate reduced is given in table 1. On the average, 109% of the 
theoretical yields were obtained which is added evidence that the process 
ultimately responsible for the production of extra oxygen is nitrate redue- 
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Fig. 3. A. Influence of combinations of the major salts in modified Knop’s solu- 
tion on the production of extra oxygen by Chlorella supplied with glucose, A4 micro- 
elements, and iron. Conditions: ca. 1,300 f¢; KOH in side arm; 20 mm- cells/vessel; 
plot of data after three hours of illumination. B. Extra oxygen response of Chlorella 
to three concentrations of KNOs All of the media contained glucose, KH.PO,, A4 
microelements, and iron. Conditions: ea. 1,300 fe; KOH in side arm; 25 mm cells/ves- 
sel; plot of data from the beginning of illumination. 


tion and makes the reactions of equations 1 and 2 a possible mechanism by 
which two moles of oxygen are produced per mole of nitrate reduced. 

In light in the absence of atmospherie carbon dioxide, glucose and phos- 
phate ion are required for the maximum rate of production of extra oxygen 
and concomitant nitrate reduction by Chlorella. The faet that both glucose 
and phosphate ion are necessary, strongly suggests that the process of nitrate 
reduction is coupled with the oxidation of glucose. There is little doubt that 
in darkness the hydrogen necessary for the reduction of nitrate is supplied 
by carbohydrate, but in light the problem is more complex because it is 
known that the rate of nitrate reduction in light is more rapid than it is 
in darkness. The problem of the mechanism of the light action is then 
presented, 
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TABLE I 
YIELD OF EXTRA OXYGEN FOR NITRATE. REDUCTION, 


Moles of ee ee __ Extra oxygen Per cent. 
KNO, } 


With KNO, Without KNO, Yield Theoretical theoretical 
(1) (2) (1 — 2) yield yield 


bl. bl, bel, 


50.1 92.1 96.8 95.1 
32.2 55.3 48.4 114.3 
5.4 20.1 28.7 24.2 118.6 
Average 109.3 


on that light accelerates 
the reduction by altering the absorbing mechanism so that more nitrate ean 


WaARBURG and NeceLEIN (8) came to the conclusi 


penetrate the cell in a given time. The possibility nevertheless exists that 
light is directly involved by producing the reducing power via the photo- 
chemical reaction of photosynthesis (7). This photochemical reduction of 
nitrate can be written in the form of equation 3. 


(3) HNO, + H,O ight, NH, + 20, 


On the basis of the results reported in this paper it is not possible to 
assign to this reaction a substantial role in nitrate reduction, since cells in 
modified Knop’s solution, without glucose, produced only a very. slight 
amount of extra oxygen. 

It might be argued that there would be no continuous reduction of nitrate 
without removal of the reduction products by assimilatory action of the 
organism. But the experiments of WarspurG and NEGELEIN (8) demonstrate 
that nitrate reduction by Chlorella continues even after the ammonia formed 
is no longer assimilated and accumulates in the medium. It has also been 
shown that even when carbohydrates are deficient in etiolated pea seedlings 
(6), Azotobacter (4), and Aspergillus niger and Mucor racemosus (5), these 
organisms continue to reduce nitrate. Recently Kesster (3) was able to 
obtain the accumulation of nitrite in culture solutions of the green alga 
Ankistrodesmus by inhibiting the transformation of nitrite to ammonia by 
means of a low pH. These examples afford ample evidence that nitrate 
reduction continues even though the nitrite and ammonia formed are not 
assimilated. 

It seems reasonable to conclude that if the photochemical reduction of 
nitrate, according to equation 3, plays a major role, then greater amounts 
of oxygen should have been produced by cells in modified Knop’s solution 
without glucose. It is possible, of course, that the small amount of extra 
oxygen produced under such conditions was due to the photochemical redue- 
tion of nitrate. If this is so, then it is negligible compared with the redue- 
tion process requiring glucose. ‘This small amount of extra oxygen, pro- 
duced by cells in modified Knop’s solution without glucose, may also have 
resulted from nitrate reduction for which carbohydrate reserves were used. 


The ability of Chlorella when deprived of atmospheric carbon dioxide 
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and nutrient salts, but supplied with glucose, to liberate more oxygen than 
the amount necessary to compensate for respiration (figs. 1B, 2A,B and 
3 B) is of particular interest. The rate of production of extra oxygen result- 
ing from this reaction is approximately one sixth the rate of oxygen uptake 
during respiration with glucose as substrate. Presumably there is a mecha- 


nism, other than nitrate reduction, for the utilization of the reducing power 


resulting from photochemical reactions which does not rely upon the uptake 
of carbon dioxide. A possible mechanism is the reduction of intermediate 
oxidation products. This possibility is strengthened by evidence available 
on a photosynthetic Chlorella mutant unable to use atmospheric carbon 
dioxide for photosynthesis yet capable of producing oxygen in light (2). It 
is believed to accomplish this by reducing partially oxidized products of 
respiration. 

The method of studying nitrate reduction by measuring the production 
of extra oxygen in light under conditions excluding carbon dioxide from the 
atmosphere is simple, relatively direct, and yields quantitative results. The 
long lag phase which was encountered is a disadvantage, but is not serious. 
It is possible that by working out appropriate methods this disadvantage 
‘an be overcome. 


The writer is grateful for the helpful suggestions given him by Dr. C. 8. 
French and Dr. J. H. C. Smith during the course of the experimentation and 
in the preparation of the manuscript. 
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Bioelectrie potentials are considered by Burr (2) to be a vital part of 
life processes, and any change affecting life processes is bound to exert an 
effect on these potentials. There is little doubt that radiation injury exerts 
a profound effect on the potentials of the avian embryo, as shown by 
RomaANorr and Buiess (7) and on seeds as found by Biess (1) and JoNEs 
et al. (6). The effect of tumor on the potentials is not so unambiguous. 
Burr and coworkers (3) found changes in the potential, measured across the 
chest of mice with induced tumors, the character of the changes being de- 
pendent on the age and the strain of the animals. The work of Burrows 
et al. (4) seems to contradict these findings. The object of these experi- 
ments is to study the effeets of tumor on the potential of plants. Two sets 
of experiments separated by a considerable time interval have been per- 
formed with results that are essentially similar. 

The circuit for measuring potentials was essentially a bridge network 
using an FP54 electrometer tube (5) in vacuo with an input resistance of 
1.16 « 10" ohms. With the voltages of the plants used the current was below 
10°'* amperes. Contact with the plants Was made by means of felt brushes 
moistened with a KCI solution flowing from test tubes into whieh were im- 
mersed Ag—AgCl electrodes. The sensitivity of the apparatus was about 
0.1 mv. div. 

Tomato plants were chosen for this study because of their relative homo- 
geneity. Two groups of 30 plants each were cultivated; one group in six- 
inch standard flower pots, the other in four-inch pots. Fifteen of the plants 
in the six-inch together with 10 of the plants in the four-inch pots were 
maintained as control. All plants were inoculated; those in the experimen- 


tal groups with a strain of Phytomonas tumefaciens which produces a hairy 


tumor, and those in the control groups with distilled water. The latter 
action Was taken so that effects due to external injury would be the same for 
all plants. The injections were made with a hypodermic needle at a depth 
of about 1 mm. below the surface. Precautions were taken to be able to 
locate the exact spot of the inoculation. The plants were protected with 
bandages at the point of insertion of the needle to prevent further infection. 
The plants were approximately 50 em. in height at the time of inoculation, 
and about 1 em. in diameter. 

The potential of each plant at the point of inoculation relative to a point 
directly across the stem was measured at the same time of day on alternate 
days. Resistance measurements were at first taken across the same portion 
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of the plant for which potential readings were taken, but these were discon- 
tinued when it was found that there was no apparent difference between the 
resistance of tumorous and normal tissues. The potential measurements for 
each of the four sub-groups were begun before inoculation and extended over 
a period of about five weeks. 

The average potential of each of the four groups is plotted in figure 1. 
The potential reading of each plant was taken several times so that each 
point on the graph represents the average of as many as 80 readings. 

As is usual with work on bioelectric potentials the readings varied within 


wide limits. The somewhat arbitrary elimination of 1007 of the readings 
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Variation of potential of plants with time 


from each end did not change appreciably the average values but reduced 
considerably the deviations from the mean. The uncorrected average devia- 
tion was about 0.5 mv. while the standard deviation from the mean was 
about 10 times as large. 

It is evident from the figure that the potentials of the infeeted plants 
in the larger pots were essentially the same as those of controls during the 
After that the potentials of the infected 
plants were considerably lower than those of controls. 


first 16 days after moculation. 
Differences in the 
average of the two groups became evident about seven days before the 


tumors beeame visible. In the second series of experiments, readings of the 





BRIEF PAPERS 547 


potential were taken daily and the point of inoculation was observed by 
means of a pocket microscope. The tumor became discernible in 30% of the 
plants at about the same time as significant differences of potential appeared 
in the two groups. The plants in both groups were all vigorous and well 
nourished, since they were cultivated in pots large enough to produce fruit. 

The potentials of plants grown in smaller pots followed exactly the same 
pattern. At first the potentials in the two groups were similar. Later the 
infected group showed a lower average potential than the control, whieh 
became definitely noticeable about seven days before the appearance of the 
visible signs of the tumor. However, the tumor as well as the significantly 
lower potentials appeared four days earlier than in the larger pots. 

The plants in the smaller pots were definitely undernourished, being 
cultivated in containers too small to allow fruiting without the addition of 
special nutrients. They were considerably smaller than those in the larger 
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pots. The faet that the tumor in the plants grown in the smaller pots ap- 
peared earlier than in the larger pots indicates that the resistance of the 
plants to the tumor was lower in the undernourished group. This group 
also showed larger variation of potential than those in the larger pots. 

The deviation of the mean from zero in the initial period of the experi- 
ment and of the mean of the uninfected plants throughout the experiment 
Was attributed to injury produced by inoculation. Obviously readings taken 
directly across the stem of the uninfected and uninjured plants would proba- 
bly tend to average zero, providing the readings are not taken near a node. 

During the seven-day period before the appearance of the tumor, a few 
plants still showed a higher potential for the inoculated side. This exeep- 
tional and disappointing behavior proved to be due to the fact that for some 
reason the tumor appeared on the side of the stem opposite to that of inocu- 
lation. The side on which the tumor appeared was consistently negative 
with respect to the opposite point of the stem although the magnitude of the 
negativity varied 
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The potentials of individual plants varied greatly at first in magnitude 
and sign, and later in magnitude only. It seemed interesting to find out 
whether the variation has a diurnal periodicity. The potentials of 10 plants 
from each of the infected and uninfected groups were measured at six-hour 
intervals for 72 hours. The measurements were started at a time when 
about 30% of the plants showed the presence of tumor when observed with 
a microscope. The variation of the average potential for each of the groups 
is shown in figure 2. As is evident from the figure there seems to be a 
pediodicity irregular in time in the case of the uninfected plants, while those 
infected seem to show a different periodicity. 

Potential gradients were plotted for six plants cultivated in six-inch pots, 
three healthy and three infected, subsequent to inoculation but prior to the 
appearance of tumor. One contact was kept fixed at a point about 1 em. 
above the level of the soil and the other was moved upward along the oppo- 
site side of the stem in 1 em. intervals. The resulting curve is shown in 
figure 3. It was expected that the gradient would be affected by the pres- 
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Fic. 3. Variation of potential of plants along the stem. Arrows point to nodes 


ence of the tumor in the infected plants, but no such behavior was found. 
Two interesting facts were revealed, however; the trend of the gradients 
seemed to be from the higher to lower potential upward along the stem, and 
the presence of leaf sprouts caused in most cases a sharp rise in the curve. 

These experiments indicate that the bioelectrie potentials are affected by 
the presence of a tumor in plants even before the tumor becomes visible to 
the unaided eye. While the potential of a plant fluctuates greatly during its 
growth, the point at which a tumor develops shows an unmistakable trend 
to become electronegative with respect to a neutral point. 


The authors are indebted to Dr. Nathan Smith, senior bacteriologist of 
U.S.D.A. for the culture of Phytomonas used in these experiments. Part of 
this work was done under the auspices of the AEC. 
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The grapefruit, Citrus paradisi Maef., is not well suited to genetic 
studies, but mutants show characteristic changes in the pigmentation of the 
fruit flesh. It seemed of interest therefore to analyze these changes to see 
whether they were in any way comparable with changes known to oceur in 
the tomato fruit (2). The following sequence of events appears probable: 
the shaddock, or pummelo, Citrus maxima (Burm.) Merr., is considered to 
be the progenitor of the common Marsh White or colorless grapefruit of 
commerce (1). A mutant from Marsh White gave rise to fruit with a pink 
flesh, Marsh Pink. Finally bud sports of Marsh Pink gave rise (1, 5) to 
fruit deep pink in color, Ruby (syn. Texas Pink and Arizona Red Blush). 

The fruit of shaddock has been shown by Mariack (3) to contain lyeo- 
pene. Shaddock fruit examined in Los Angeles and in Riverside were found 
to be as devoid of color as the Marsh White. One cannot therefore state 
whether the grapefruit was derived from pink or colorless shaddock stock. 
However, sporting of the white grapefruit resulted in appearance (or re- 
appearanee) of lycopene and B-carotene (Marsh Pink) and this was intensi- 
fied by further sporting to Ruby. 

Nucellar embryony (production of several saplings from a single seed) 
makes it difficult to trace the genetic differences, but the nature of the 
carotenoids and the proportions in whieh they are found in the three eases 
is of definite interest in searches for possible pathways in carotenoid bio- 
synthesis. 

All fruit was purehased fresh under the following trade names, indicative 
of locality: Marsh White—Coachella White (Coachella, California) ; Marsh 
Pink—Coachella Pink; Ruby—Texas Pink (Rio Grande Valley), Arizona 
Red Blush (Mesa, Arizona). 

Depending on the color, between 100 and 500 gm. of the flesh was ex- 
haustively extracted with acetone and the carotenoids were transferred to 
petroleum ether and chromatographed on magnesium oxide—Hyflo Super Cel 
columns, as previously described (2). The absolute amounts of the sepa- 
rated individual components were then calculated from the optical densities 


at the respective maxima, by use of specific absorption coefficients given by 


PorTeR and Lincoutn (4). In the case of lycopene, it was convenient to 
compute its concentration from values at 503 and 480 my for the erude 
extract assuming a two-component mixture of lycopene and B-carotene. 

1 Present address: College of Agriculture, Lyallpur, Punjab, Pakistan 
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The absorption curves of the crude extracts in petroleum ether were 
clearly indicative of the differences in proportions of the individual carote- 
noids. The Ruby (both from Texas and Arizona) gave curves showing 
characteristic bands, with maxima ea. 508, 472, and 448 my; the shape of 
these curves approximated that required by a 1:1 mixture of lycopene and 
B-carotene. The lycopene band at 503 mp was not discernible in the crude 
extract of Coachella Pink, which gave a three-banded spectrum at 478, 450, 
425 imp, indicative of the predominance of B-carotene. The speetrum for 
the crude extract of Coachella White showed a shelf ca. 445 my and three 
well-defined bands at 425, 400, and 380 my. 

lodine catalysis of these crude extracts gave no significant changes 
(Coachella White) or a slight paling (in the lycopene-containing samples) 
in the visible portion of the spectrum. The absence of detectable quantities 
of poly-cis forms was confirmed by chromatography. Quantitative results 
for the major components in these varieties are given in table I. 

A total of 11 zones were resolved though they were not all present in 
each case. The three pink strains contained predominantly 8-carotene and 


rABLE I 
PIGMENT CONTENT OF GRAPEFRUIT PULP. 


Variety Lycopene 8-carotene t-carotene Phytofluene 





pug./100 gm, ug/100 gm, 
Texas Pink 237 207 18 5 
Red Blush 176 142 10 20 
Coachella Pink 28 129 14 3 
Coachella White trace 6 9 


peg./100 gm. pwg./100 gm. 


lycopene, with lesser amounts of {-carotene and phytofluene. Traces of 


a- and y-carotenes and minor traces of other components were noticed. 
Lycopene and B-carotene were conspicuously lacking in the white strain. 
A pale yellow component with an adsorbability close to that of lyeopene, 
(absorption maxima 445, 428 my in petroleum ether), ¢-carotene and phy- 
tofluene comprised the pigment complex. 

The sporting of Marsh White to Marsh Pink involves the emergence of 
B-carotene as the major pigment with lesser amounts of lycopene. The sec- 
ond mutation, from Marsh Pink to Ruby, establishes lyveopene as of even 
greater significance in the pigment complex. Neither ¢-carotene nor phy- 
tofluene show fluctuations of the magnitude necessary to assume that they 
are intermediates in lycopene or carotene syntheses. We have been informed 
that the pink strains are noticeably less colored when grown near the coast, 
and more deeply colored in the hot interior valleys, in Coachella or Arizona. 
The ratios for lycopene, 8- and ¢-earotenes are 1.14: 1:0.09 for Texas Pink 
from the Rio Grande Valley, compared with 1.24:1:0.07 for Arizona Red 
Blush from Mesa, to be contrasted with 0.22:1:0.11 for the Coachella Pink. 
These ratios clearly refleet genetic differences in pigmentation between Ruby 
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and Marsh Pink. However, since the number and nature of the gene differ- 
ences is unknown in these mutants of Marsh White the evidence cannot vet 
be interpreted to favor any particular hypothesis as to the mechanism of 


synthesis of B-carotene or lycopene. 
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NOTES 


The retiring editor of PLANT PHysioLocy takes this occasion to express 
appreciation to present and former associate editors and officers of the 
society for their very helpful and generous counsel over a long period of 
years in reference to manuscripts and the operation of the journal. It is a 
pleasure to acknowledge also a debt of gratitude to the present and former 
secretaries of the American Society of Plant Physiologists, the secretary of 
the editorial board and to the editor’s personal secretary for their able and 
ready assistance in connection with the editorial work of the journal. The 
extraordinary cooperation of authors, members, subseribers, and of the soei- 
ety’s printer in the interest of high standards have contributed immensely to 
the usefulness and scientific repute of PLANT PHysioLocy.—W., F. LoeHWING. 


A.S.P.P. Election.— The results of the annual election of the American 
Society of Plant Physiologists for 1953-54 are as follows: President, Dr. 
THropore C, Broyer, University of California, Berkeley, California; Vice- 
President, Dr. ALpEN 8. Crarts, University of California College of Agri- 
culture, Davis, California; Secretary, Dr. AuBreEy W. Nayvor, Duke Uni- 
versity, Durham, North Carolina; Member of Executive Committee, Dr. 
Kennetu V. Tuimann, Harvard University, Cambridge, Massachusetts; 
Members of the Editorial Board, Dr. Daxter I. Arnon, University of Cali- 
fornia, Berkeley, California; and Dr. Roperr H. Burris, University of 
Wisconsin, Madison, Wisconsin. 


New England Section.—This section held its annual meeting under the 
Chairmanship of Dr. J.J. Lyon at Dartmouth College, Hanover, New Hamp- 
shire, on May 1-2. Twenty-three papers were presented by the visitors. 
Fifteen institutions were represented, two of them from Canada. The new 
officers elected are Chairman, Kennetu E. Wricut, Smith College; Vice- 
Chairman, Kennetu V. THimann, Harvard University; and Secretary- 
Treasurer, Linus H. Jones, University of Massachusetts. 





Olenus Lee Sponsler..—Olenus Lee Sponsler, who was called in 1922 to 
the University of California at Los Angeles and became emeritus in 1948 
after having served as professor of botany for 20 years, died on March 14, 
1953, at his home in Sherman Oaks. 

Professor Sponsler was born on June 17, 1879, in Akron, Ohio, and began 
his professional career as a forester. Having received the Bachelor's degree 
from the University of Michigan in 1910, he served as Adjunct Professor of 


Forestry and Botany, and Associate Professor in charge of Forestry from 
1910-1912 at the University of Nebraska. During this period he studied 


553 





554 PLANT PHYSIOLOGY 


with Professor Bessey and received the Master's degree in 1912. He then 
returned to Michigan as Associate Professor of Forestry from 1912-1917, 
teaching dendrology, silvies and silviculture, and during this period was in 
charge of the ecological survey of the Ecological Survey of the Michigan 
State Geological and Biological Survey. During the first World War he 
served as wood technologist of the Army Airplane Division of the U. 8. 
Forest Service, engaged inthe investigation of plywood for airplane con- 
struction. His earliest publications were accordingly concerned with the 
native trees of the Middle West, and the wood they produce. He was a 
member of the State Board of Forestry of Wisconsin and of the Society of 
American Foresters. Thus, at 40 years of age, a distinguished career as a 
forester lay open to him. In 1919 he elected a new career whieh should 
combine his experience in the physical and biological sciences, and enrolled 
as a graduate student at Stanford University. Studying there with Profes- 
sors Peirce and Webster, he used the technique of X-ray diffraction to ex- 
plore the structure of starch, and was awarded the doctorate in 1922 for a 
thesis entitled “The structure of the stareh grain.” After coming to Los 
Angeles, he published a series of studies on the structure of cellulose whieh 
attracted international attention because of the concept of long chain mole- 
cules which it involved. This work laid the foundation of a second promis- 
ing career, had he chosen to follow it, because of its application to the then 
embryonic fiber and textile industries. But beyond cellulose lay that whieh 
gives content and form to it: the living substance; and Sponsler chose to 
address himself to this. He outlined the problem in 1931 in a general state- 
ment on the mechanism of cell wall formation, and in 1934 in his Faculty 
Research Lecture “Living Matter: a Molecular Approach.” Thereafter he 
explored many paths and byways which led toward his objective, and tested 
his ideas from time to time in symposia and seminars. They began to crys- 
tallize only during recent years, and most of this later work, and particularly 
his thought on electrical properties of protoplasm at molecular and lower 
micellar levels, is as yet unpublished. Two papers, now in press, written 
jointly with his colleague, Dr. Jean Bath, are concerned with submicroseopic 
components of protoplasm revealed by the electron microscope, and shortly 
before his death, he had reason to believe that he might be viewing for the 
first time the patterns made by the polypeptide chains themselves within 
minute protoplasmic particles at the micellar-molecular borderline. His last 
effort was directed toward a verification of this belief. Thus, his quest of 
the ultimate beyond the receding horizon led Professor Sponsler from the 


habit and structure of the trees amongst which he roamed as a youth, into 


the very core and function of living matter 

Professor Sponsler was awarded a Charles Reid Barnes honorary life 
membership by the American Society of Plant Physiologists in 1942.—C ar 
PLING AND Kart C. HAMNER. 








NOTES 


The Yeasts. A Taxonomic Study.—J. Lopper and N. J. W. Krecrer- 
van Ris. Interscience Publishers, Inc., 250 Fifth Avenue, New York 1, New 
York. 713 pages, 1952. $19.80. 

This imposing volume, based largely on the three earlier volumes by 
Lodder (1934 and 1942) and Stelling-Decker (1931) brings together under 
one cover the contents of the earlier works and incorporates the results of 
the intensive studies of the yeasts in recent years so far as they affect the 
taxonomic treatment. Three families are recognized: The Endomycetaceae, 
including all ascosporogenous forms, the Sporobolomycetaceae, including the 
anascosporogenous forms which form ballistospores and the Cryptococea- 
ceae, including all other anascosporogenous forms. These families are 
divided into subfamilies, tribes and genera largely on morphological charae- 
ters. Species distinctions emphasize physiological aspects, as in current bae- 
teriological methods. The result is that many of the strains regarded as 
specics would be relegated to lower taxa by other students, but this, of 
course, in no way detracts from the usefulness of the work for mycologists 
and greatly increases its value for the majority of those who will use it. 
Each species is described in orderly sequence and all species are illustrated 
by drawings of sporulating cells and associated structures and many by 
drawings from culture slides. 

The authors admit that an answer to the question: “What are yeasts?” 
cannot yet be given. In view of the contemporary interest in these organ- 
isms, it may be expected that a provisional answer may emerge in the near 


future. The volume under consideration affords an indispensable starting 
point for further work. 
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